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Abstract 
3D printing manufacturing is being widely applied in several areas, including medicine that may be the 
one with the most promising future. The main advantage of this technology comparing to conventional 
ones is the possibility to create customizable bioprints for biomedical applications. 
In this thesis, the 3D printing conditions of ceramic samples made of 3% mol yttria-stabilized zirconia 
were studied and optimized. Initially, several pastes were tested in order to choose the one with the best 
printability, wish resulted in one with binder and another without. Also, geometry studies were per-
formed to achieve samples with optimized mechanical properties. The printed samples were sintered 
and characterized to understand how the geometry and the sintering temperature influence the mechan-
ical properties. The morphology was observed using optical and electronic microscopy, and the apparent 
density obtained by Archimedes method. The degradability and biocompatibility of samples were also 
tested. 
The results show that the 3D printed ceramic pieces have compression strength, Young’s modulus and 
porosity comparable to the ones found in literature for human bones confirming its viability for biomed-
ical applications. Tests demonstrate that the samples do not degrade in contact with simulated body 
fluids, and biological assays confirms its biocompatibility and cells proliferation.  
Keywords: 3YSZ pastes; 3D printing; mechanical resistance; sintering; morphology; biocompatibility. 
  
Growth of yttria-stabilized zirconia with 3D printer 
viii 
 
Growth of yttria-stabilized zirconia with 3D printer 
ix 
Resumo 
A fabricação por impressão 3D é amplamente aplicada em diversas áreas, incluindo na medicina que 
pode ser a com o futuro mais promissor. A principal vantagem desta tecnologia em comparação com as 
convencionais, é a possibilidade de criar bioimpressões personalizadas para aplicações biomédicas. 
Nesta tese foram estudadas e otimizadas as condições de impressão 3D para amostras cerâmicas de 
zircónia estabilizada com 3% mol de ítria. Inicialmente, várias pastas foram testadas, a fim de escolher 
aquela com a melhor qualidade de impressão, resultando numa com ligante e outra sem. Além disso, 
estudos de geometria foram realizados para obter as amostras com propriedades mecânicas otimizadas. 
As amostras impressas foram sinterizadas e caracterizadas para compreender como a geometria e a tem-
peratura de sinterização influenciam as propriedades mecânicas. A morfologia foi observada usando 
microscopia ótica e eletrónica, e a densidade aparente obtida pelo método de Arquimedes. A degrada-
bilidade e compatibilidade de amostras também foram testadas. 
Os resultados mostram que as peças 3D impressas tem uma resistência à compressão, módulo de Young 
e porosidade comparáveis aos encontrados na literatura para os ossos humanos o que confirma a sua 
viabilidade para aplicações biomédicas. Os testes demonstram que as amostras não se degradam em 
contacto com fluidos corporais simulados e os ensaios biológicos também confirmam a sua biocompa-
tibilidade e proliferação de células. 
Palavras-chave: pasta 3YSZ; impressão 3D; resistência mecânica; sinterização; morfologia; biocom-
patibilidade. 
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2D Two-dimensional 
3D Three-dimensional 
3YSZ 3% mol yttria-stabilized zirconia 
4YSZ 4% mol yttria-stabilized zirconia 
8YSZ 8% mol yttria-stabilized zirconia 
AM Additive manufacturing 
AP Apparent porosity 
BTE Bone tissue engineering 
c Cubic phase 
CC Control cells 
CC- Negative control cells 
CC+ Positive control cells 
CAD Computer aided design 
CM Control medium 
CP Calcium phosphate 
E Young’s modulus 
ECM Extracellular matrix 
FPDs Fixed partial dentures 
m Monoclinic phase 
𝑚𝑑  Mass of the sample 
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XRD X-ray diffraction 
Growth of yttria-stabilized zirconia with 3D printer 
xii 
  
Growth of yttria-stabilized zirconia with 3D printer 
xiii 
Symbols 
𝜎  Stress 
𝜎𝑀𝑎𝑥  Maximum stress 
𝜀  Strain 
°C Degree Celsius 
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Objectives 
The main goal of this work was to investigate the viability of ceramic samples produced by 3D printing 
using 3% mol yttria-stabilized zirconia nanopowders developed by INNOVNANO and evaluate their 
mechanical properties and biocompatibility for possible biomedical applications. 
The development of this work required an intensive and exploratory study since it was the first time that 
extrusion 3D printing process was used to obtain ceramic samples at CENIMAT/I3N and FCT-UNL. 
Therefore, the first challenge was to produce a 3D printable paste containing the INNOVNANO na-
nopowder mixed with a solvent and the second one to achieve the sample geometry with the highest 
mechanical properties. Finally, the biocompatibility and the degradation behaviour of these samples 
were evaluated.  
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1. Introduction 
The attempt to print 3% mol yttria-stabilized zirconia (3YSZ) nanopowders synthesized by a Portuguese 
company, INNOVNANO has been done by the first time in this work. This is one of the commercial 
products developed by this company for ceramic components and coating applications where excep-
tional wear-resistance, high component and flexural strength, and excellent durability are needed. Alt-
hough this material is being already used for dental applications, for instance, the combination of print-
ing by a 3D plotter and the use of nanometric YSZ powders has never been tried as far as we have 
searched. In the following is explained and reviewed the 3D printing processes, and the bioceramics 
already investigated and tested. 
1.1. 3D printer 
The 3D printing has gained much attention in the last years and in many areas of manufacturing. It 
already started replacing some of the traditional processes because 3D printers greatly facilitate manu-
facturing process, reduces consuming of raw materials and its waste. There is ongoing a huge increase 
on the research field across many areas, such as engineering, manufacturing, art, education and medi-
cine. [1,2] Specifically 3D printing techniques/methods provide a powerful tool to fabricate complex 
3D structures. 
The 3D printing also mentioned as additive manufacturing (AM), rapid prototyping (RP), or solid-
freeform technology (SFF), was described in 1986 by Charles Hull. [1,3] In 1993, Michael Cima and 
Emanuel Sachs patented the first device termed “3D printer” to print plastic, metal, and ceramic parts.[3] 
There are many types of 3D printing, but the basic concept of all 3D printers is simple, firstly is required 
a 3D dataset, originating from medical imaging sources or CAD programs. Then, 3D dataset has to be 
converted into 2D data by a special slice algorithm. Thus, a digital model is supplied to the printer, 
which interprets the digitally supplied coordinates derived from the STL file. STL file is a sequence of 
2D horizontal cross sections, which allows the 3D object to be printed in consecutive layers of the de-
sired material (layer-by-layer, observed in Figure 1.1), starting at the base. 
 
Figure 1.1 Three representations of manufacturing layer-by-layer. [4] 
The concept behind 3D printing is not innovative, considering that many organisms have the same layer-
by-layer structure. For example, when molluscs that have seashells begin to grow, calcium carbonate is 
successively added to the outer shell, the reason behind the possibility to observe lines of growth in 
seashells, which is basically a construction layer-by-layer as in 3D printing (see Annex 1). [5] Nature is 
a source of inspiration for humanity and nowadays is possible, in industrial-scale, to have 3D printers 
capable to fabricate an object as large as a car, a house, and many others.  
As mentioned there is an assortment of 3D printing methods (different methods in Table 1.1), and all of 
them operate upon similar principles. Firstly, an STL file is created and the digital coordinates provided 
by the STL file are sent to the 3D printer, which traduces the slicing in trajectories and layers. This 
process uses the principle of multilayer deposition, which consists in the material extrusion through a 
nozzle in several layers to construct the object from the STL file. The object is gradually printed from 
the bottom to the top, through the layer build-up. [6] 
3D printing involves many technologies, depending of the material and of its hardening system, such as 
the sintering or melting by laser, the binder or resin jetting, or the filament depositing. [7] 
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Table 1.1 Comparisons of 3D printing methods for the scaffolds manufacturing. [2–4,65,66] 
Method Principle Advantages Disadvantages 
Resolu-
tion 
(XY/Z) 
[µm] 
Stereo-
lithogra-
phy (SLA) 
UV initiated cur-
ing of defined 
photoresin layer. 
Very high resolution (submi-
cron scale). 
Speed of fabrication. 
Smooth surface finish. 
Available cell and biology 
materials. 
Complex internal features 
can be obtained. 
 
Materials must be photopoly-
mers. 
Expensive cost. 
Support system is necessary 
for overhang and intricate ob-
jects. 
Only available with UV cura-
ble liquid polymer. 
70−250/ 
1−10, <1 
Inkjet 
Printing 
Powder-liquid 
binding; Polyjet 
technology (hy-
brid between SLA 
and Inkjet) allows 
inkjet printing of 
photoresins. 
Versatile in terms of usable 
materials. 
No support is necessary for 
overhang or complex struc-
tures. 
Potential toxicity (incom-
pletely removed binders). 
Low mechanical strength 
prints compared to laser sinter-
ing. 
Time Consuming (Post-pro-
cessing). 
20−50/50 
Selective 
Laser Sin-
tering 
(SLS) 
Laser induced 
heating of powder 
particles. 
Provides scaffolds with high 
mechanical strength. 
Powder bed provides support 
for complex structures. 
Fine resolution. 
High-strength object. 
Variety of materials. 
No need for support. 
Limitation on materials (must 
be shrinkage and heat re-
sistant). 
Very high temperature re-
quired (up to 1400°C). 
Expensive and time consuming 
(processing and post pro-
cessing. 
Impossible to print cells or bi-
ological materials. 
Rough surface. 
Limitation to powder form. 
50/1−2 
Fused 
Deposition 
Modeling 
(FDM) 
Extrusion of mol-
ten thermoplas-
tics. 
Low cytotoxicity vs direct 
3D printing. 
Relatively inexpensive 
(printers and materials). 
No need for platform/sup-
port. 
Limitation on materials (often 
requires thermoplastics). 
Materials used are non-biode-
gradable. 
Requires support structure for 
overhangs and complex 
shapes. 
Post-processing may be neces-
sary. 
Low Resolution. 
250/50 
Bioplotting 
Uses a nozzle ex-
trusion system of 
thermally or 
chemically treated 
materials. 
Prints viable cells. 
Soft tissue applications. 
Mild condition of process al-
lows drug and biomolecules 
(proteins and living cells) 
plotting. 
Limitation on nozzle size 
(Must not be cytotoxic during 
processing). 
Requires support structure for 
printing complex shapes. 
Heating/post-processing 
needed for some materials re-
stricts. 
The biomolecule incorpora-
tion. 
- 
3D printing gives people powerful new tools of design and production. This technology has been driven 
rapidly by advances in computing power, new design software and new materials. The computer is a 
critical point in the 3D printing process, with no instructions from a computer, the printer is stopped.[10] 
Until now, three-dimensional printing has mostly been used to create replicas of natural and man-made 
structures, such as implants, toys or art statues. 3D-printing is being applied in various areas such as: 
Growth of yttria-stabilized zirconia with 3D printer 
5 
biological applications (e.g. biomedical engineering, tissue scaffolding and surgical preparation) [1,9], 
pharmaceuticals [12], forensic science, education, chemical applications (e.g. micro/macrofluidics, elec-
tronics, scaling and custom Labware) [3], culinary [13] and even personalized consumer products at 
home (e.g. bicycle parts and jewellery). [1] It is also being used in automotive and aerospace industries 
for printing prototypes of car and airplane parts and applications in gun prototyping and manufacturing 
processes for the military. [3,12] On board the Mars Rover, NASA has several custom-made 3D printed 
metal parts, that could not have been manufactured by anything other than a 3D printer, since it has 
complicated shapes of curves and inner hollows. [10] The Boeing’s premium airplane, the 787 Dream-
liner, has at least thirty-two different 3D printed parts. [10] Another current application is the 3D printing 
of quantum dot-based light emitting diodes (QD-LEDs) that exhibit pure and tunable colour emission 
properties. [15] 
With advanced 3D printing techniques, it will be possible to manufacture nano/microscale complex 
structures that are not feasible by other manufacturing techniques. 
Initially, 3D printing technologies were designed for non-biological applications, as the deposition of 
metals, ceramics and thermoplastic polymers and generally involved the use of organic solvents, high 
temperatures or crosslinking agents that are not compatible with living cells and biological materials. 
Nowadays, due to recent advances in the 3D printing technology, cell biology and materials science, it 
is already possible to print biocompatible materials, cells and tissue engineering scaffolds. [1,6,14] This 
technique is called 3D bioprinting and has captured increasing attention in the past years since it offers 
the possibility of implants fabrication at room temperature and hence the incorporation of organic, bio-
logically active, or hydrated molecules within the bulk of the implant.[14,15] This type of 3D printing, 
has already been used in medical applications such as the production of dental implants, personalized 
prosthesis (e.g. vascular grafts, tracheal splints) [18] and for the generation and transplantation of several 
tissues [18], as multilayered skin, bone [19], craniofacial reconstruction [20], heart tissue [1] and carti-
laginous structures [1,19]. The 3D bioprinted biomaterials can serve as an artificial extracellular matrix 
(ECM) for the cells (scaffold), giving structural support and allowing cellular attachment. [6] The inter-
actions between cells and an underlying biomaterial are important for the promotion of cell adhesion, 
proliferation and function. 
Over the past 15 years, printers have been increasingly utilized for biomedical applications in various 
areas of medicine and tissue engineering. 3D printing has been used to research and testing models to 
surgical planning, device manufacturing and tissue or organ replacement. [14,18,20,21] The most im-
portant application in medicine has been the fabrication of geometrically accurate models for surgery 
planning. Klammert et al. [17] utilized the 3D printing technique for the fabrication of individual cranial 
models according to patient data obtained by computed tomography. [17] 
The number of people suffering of illnesses or traumas, such as heart attacks, strokes, and joint degen-
eration is increasing. This way, 3D printing technology emerged as a promising tool to fabricate scaf-
folds with high precision, accuracy and high degree of complexity, where details can be performed at 
micrometre scale. Some advantages of using 3D printing are the ability to fabricate versatile scaffolds 
with complex shapes, capable of a homogenous cell distribution, and the ability to mimic the ECM. The 
disadvantages are the availability of biomaterials with the stability and desired properties for 3D printing 
and the production time that it takes to fabricate scaffolds. [4]  
For a successful design of a tissue engineering scaffold, several characterization criteria are required: 
morphology (e.g. porosity, pore size and surface area); mechanical properties (e.g. compressive and 
tensile strength); bulk properties (e.g. degradation and its relevant mechanical properties); surface prop-
erties (e.g. surface energy, chemistry and charge); biocompatibility and biodegradability. [1,22–24] Po-
rosity is defined as the fraction (i.e. percentage) of the total volume occupied by voids. [26] Two very 
important criteria are biocompatibility and biodegradability, ensuring that scaffolds have nontoxic deg-
radation by products. [4] These should be also readily metabolized and rapidly cleared from the body.[1] 
The mechanical stability must be structurally sound so as to withstand daily activity and normal body 
movements. [4] 
Composite materials are important for 3D printing because they can increase mechanical strength and 
can perform more intricately designed scaffolds. [4] 
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Bones perform several vital functions within the body, for example primarily structural support and 
protection of bodily organs. [27] This way, majority of research on 3D printed scaffolds has been con-
cerned with bone tissues. [4] The scaffolds serve as three-dimensional templates for initial cell attach-
ment and subsequent tissue formation. For this reason, it is important to ensure the cell ingrowth into 
the structure. [18] Bone tissue has strong capability for regeneration in non-critical size bony defects 
and repair after fractures. [28] Nowadays, there is a need for bone replacement materials used in bone 
tissue engineering (BTE). [28] The biocompatibility of materials is one of the most important prerequi-
site for their use as a scaffold. 
Bone is a dynamic and complex organ. The main role of the bone network is in providing the necessary 
mechanical support, movement and protection, with other roles ranging from blood production, to stor-
age of mineral materials, pH regulation and housing multi progenitor cells. [6] Bone is not uniformly 
dense, it is able to bear heavy loads, withstand large forces and to flex without fracture within certain 
limits. The bone ECM is comprised of two main zones with very different morphological properties: a 
relatively dense outer layer (cortical or compact bone), which surrounds a less dense and porous (can-
cellous or trabecular or spongy bone), which in turn is filled with a jelly tissue: the bone marrow, Figure 
1.2. [6,20] Cancellous bone is a highly porous bone matrix, with interconnected porosities between 50–
90% and visible macropores in the range of 500–1000µm and is positioned between shells of cortical 
bone. Cortical bone has a compact solid-like structure, with enclosed vascular Haversian canals, having 
a low porosity between 3–12%, and pores smaller than 500µm and in humans, 80% of the bone is cor-
tical. [6] The bone ECM is constantly changed by the cells that reside in it, where osteoblasts are re-
sponsible for producing and mineralizing new bone matrix, osteocytes work on maintaining the matrix, 
and osteoclasts are responsible for resorbing the matrix. Thus, in a bone substitute designing, it is nec-
essary to control the porosity and mechanical properties. This means that an ideal bone substitute must 
have a heterogeneous porous structure, with varying physical and mechanical characteristics. [6] 
Scaffolds are biocompatible structures of natural or synthetic origin, which can mimic the ECM of native 
bone and provide a 3D environment in which cells become attached and proliferate. A porous scaffold 
allows cell spreading and an effective transport of nutrients, oxygen, waste, as well as growth factors, 
favouring continuous ingrowth of bone tissue from the periphery into the inner part of the scaffold. 
 
Figure 1.2 Cortical and cancellous bone in human femur. 
[27,28] 
Table 1.2 Range of mechanical properties for 
human cancellous and cortical bone. [6,29,30] 
Bone type 
Compressive 
strength (MPa) 
Young’s 
modulus 
(GPa) 
Cancellous 
bone 
4-12 0.01-0.5 
Cortical 
bone 
130-225 3-30 
 
The generality of biomaterials which have been applied in the field of bone tissue engineering are dense 
material, and therefore they can’t be used to inducing new bone ingrowth to the grafted materials. Ideal 
bone substitutes should promote new bone formation to fill the voids and, considering that in this thesis, 
ceramic materials were chosen, due to its excellent properties. [19]  
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Studies say that the high level of porosity and pore interconnectivity (ideal for a bone substitute) can be 
limited by the mechanical strength requirements, mainly in the case of load bearing applications. [6] 
Engineering ceramics are becoming increasingly important in the nowadays-industrial landscape, thanks 
to the exceptional combination of good mechanical, thermal and chemical properties. [33] 
 
Figure 1.3 Advantages of 3D printing. 
1.2. Bioceramic 
Bioceramics are a class of advanced ceramics that are produced by sintering or melting inorganic raw 
materials to create an amorphous or crystalline solid body. They are biocompatible, can be inert, bioac-
tive and degradable in a physiological environment, and are chemically similar to the inorganic compo-
nent of hard tissues, which makes it an ideal biomaterial. In this way, bioceramics can be used in medical 
and dental applications, mainly as implants and replacements. Porous final products are mainly used for 
scaffolds. However, it is brittle, with poor tensile strength, which makes it unsuitable for load-bearing 
applications. [6,24,32,33] 
Bioceramics used for tissue engineering may be classified as nonresorbable (relatively inert), bioactive 
or surface active (semi-inert) and biodegradable or resorbed (noninert). Materials that are classified as 
bioceramics include alumina, zirconia, calcium phosphates, silica-based glasses or glass ceramics and 
pyrolytic carbons. [24,32]  
A general weakness of 3D-printed (porous) bioceramic implants is their brittle nature and relatively low 
mechanical performance. However, implant pores can be infiltrated with polymers to alter strength, 
fracture resistance and biodegradation speed. [17] 
Ceramics are typically consolidated from powders by sintering or deposited in thin films, because they 
are difficult to process. Ceramics have great proprieties as high temperature capability, environmental 
resistance, and high strength, however, they have some disadvantages as the porosity and inhomogeneity 
introduced during processing that may initiate cracks and a little ability to resist to fracture. [36] 
Commonly investigated ceramics for bone regeneration can be classified into two categories: bioactive 
calcium phosphates (such as HA and TCP) or biopassive ceramics (such as alumina and zirconia). [6] 
1.2.1. Zirconia 
Zirconia is an inorganic material, highly biocompatible and was introduced in 1985 as an alternative 
material to alumina for ceramic femoral heads, due to demonstrated enhanced mechanical properties. 
[26,33,35] 
Zirconium oxides or zirconia (ZrO2) has high mechanical properties, thermal insulation, ionic conduc-
tivity and low toxicity, which is an inert material and cannot be degraded in vivo. However, the me-
chanical properties of sintered ZrO2 are known to be far greater than that of a cortical bone. In fact, the 
sintered 100% ZrO2 substrate has a  flexural strength 200 MPa. [31,37] Nowadays it is used as material 
for e.g. body-implants, dental crowns, stamping dies, oxygen sensors and several micro components. 
[33] 
ZrO2 presents three polymorphs at successive temperature ranges: monoclinic (below approximately 
1170°C), tetragonal (~1170–2370°C) and cubic (~2370–2680°C). [36–38] 
m− ZrO2  
1170°C
↔    t − ZrO2
2370°C
↔    c − ZrO2
2680°C
↔    melt 
As most of the oxide ceramics, zirconia is inherently brittle, however this can be refined using doping 
elements, thus improving their characteristics. This is achieved by the addition of small amounts of yttria 
oxide (Y2O3) in the zirconia, this oxide is also commonly used to stabilize cubic zirconia. Femoral heads 
of zirconia can typically tolerate 250 kN, a generally superior value to what is possible with alumina or 
metal femoral heads. Zirconia is also used for dental applications due to aesthetic and mechanical ben-
efits. [34,35] 
Cost Time Quality Versatility
(1.1) 
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1.2.1.1. Yttria-stabilized zirconia (YSZ) 
Yttria-stabilized zirconia (YSZ) is an oxide material resistant to corrosion and radiation, it has high 
fracture strength, flexural strength (~950MPa) [37,41] , Young modulus (210 GPa) [36], fracture tough-
ness (~10 MPa m1/2) [35,39] and chemical stability (chemical inertness). The presence of oxygen va-
cancies allows yttria to become a fast-ion conductor at elevated temperatures [40,41], which also reveals 
good thermo-mechanical stability and low toxicity and density. [42,43] 
Yttria has a wide range of applications, for example orthopedic applications such as hip and knee joints 
and, recently was introduced into prosthetic dentistry for the fabrication of crowns and fixed partial 
dentures (FPDs), for these applications is used 3YSZ. [45] However, as YSZ ceramics are bioinert, they 
do not directly bond to natural bone in hip–joint replacements. [42] 
The YSZ has been used for fabricating the femoral head of total hip joint prosthesis and has two ad-
vantages over the alumina. One is the finer grain size and a well-controlled microstructure without any 
residual porosity of the YSZ. The other is the higher fracture strength and toughness due to the phase 
transformation toughening process. [36] 
Furthermore, YSZ is used in no biological applications (used 3YSZ), grinding material (used 3YSZ), 
mainly as thermal barrier coatings (used 4YSZ), gas sensors (used 4YSZ) and solid oxide fuel cell 
(SOFC) electrolytes (used 8YSZ). [42,47,48] 
The aim of this work is to produce 3D samples of 3% mol yttria-stabilized zirconia with 3D printing, 
using the nanopowder sintered by INNOVNANO, that uses a unique technique in the world, therefore, 
there is no information in the literature about the combination of both nanopowders and 3D printing. 
 
 
Figure 1.4 Representative scheme of the three areas covered in this thesis. 
  
3D printing
YSZ 
Nanopowders
Bone 
Prosthetics
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2. Materials and Methods 
2.1. 3D printing procedure 
The printing process, performed by a homemade adapted printer, uses a 123D Design software (CAD 
program), see images in Annex 2 and the files are saved in STL format. The STL file is sliced and 
prepared to print in Cure software. Considering that 3D printing is a layer-by-layer process it is manda-
tory to study parameters such as layer height, fill density, print speed and scanning speed (parameters 
can be seen in detail in Annex 3). After setting the appropriate parameters, the file is saved in G pro-
gramming language (G-code) to be read directly by the printer. Additionally, during printing is needed 
to control the starting position of the z-axis control, the extrusion rate (ranging from 100 to 2000 
mm/min) and the size of the nozzle used.  
A viscous solution, containing surfactant and/or binder, is mixed under magnetic stirring (Agimatic-N, 
P-Selecta) at approximately 50ºC until completely dissolve. 3YSZ nanopowders (provided by IN-
NOVNANO, 3YSZ-Tetragonal Zirconia) are added to the previous solution and are manually mixed to 
form a homogeneous paste able to be printed and to form a solid object with the shape and size defined 
by the design. This production process is schematized in Figure 2.1. 
Before the printing process, the paste is placed inside the modular heads extruder; the file with the model 
to be printed is selected and some parameters are manually adjusted in the printer, such as the z-axis 
and the speed to print/extrude the paste. The printing finally starts and this process is conducted at room 
temperature (RT) under atmosphere conditions. 
The obtained sample is dried at 55°C in a hotplate (IKA®RCT basic, safety control) and then it is placed 
inside the oven (Nabertherm P330). Sintering is carried out mainly at 1400℃ for 2h [46], to ensure the 
complete removing of surfactant and the binder of the sample, except for the sintering temperature study 
where it was changer for 1100 to 1450°C temperature sintering time 2h. The ramp used was 2°C/min.  
  
Figure 2.1 a) Representative scheme of paste production and its printing process; and b) Printer extruder. 
2.2. Structural and morphologic analyses  
The morphology and the elementary composition of the samples were characterized by a scanning elec-
tron microscope (SEM - Hitachi S2400 with Bruker light elements EDS, at MicroLab-Electron Micros-
copy Laboratory of Instituto Superior Técnico). The samples surface was observed in an inverted optical 
microscope (Leica DMi8, at Lab 213, DCM, FCT-UNL). For SEM analysis, the printed sample was 
placed in the sample holder using a carbon ribbon and then covered with a very thin layer of gold. 
The composition of pastes was determined by Raman microscopy (Labram 300 Jobin Yvon spectrom-
eter, equipped with a solid state laser operating at 532 nm, at Lab 217, Departamento de Conservação 
e Restauro, FCT UNL). The laser beam was focused with 50× Olympus objective lens. The analysis 
was performed using a small amount of sample in powder. 
  
b) a) 
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X-ray diffraction (XRD - PANalytical X’Pert PRO equipped with an X’Celerator detector using CuKα 
radiation at 45 kV and 40 mA, in a Bragg–Brentano configuration) was used to analyse the crystalline 
phases present in the sintered pieces. XRD patterns were collected over the angular 2θ range 15°–80°, 
with a scanning step of 0.03° at CENIMAT-I3N, FCT-UNL.  
2.3. Mechanical tests 
The 𝜎𝑀𝑎𝑥 and E of the hallow cylinder shape sintered samples, with external = 7 mm and internal open 
= 5 mm and height of 7 mm, were measured by the universal testing machine (Shimadzu AG-50kNG, 
Thermal and Mechanical Testing Laboratory-CENIMAT) at a loading rate of 0.5 mm/min and SHI-
MADZU Autograph (in Instituto Pedro Nunes, Coimbra) at loading rate of 0.3mm/min. Other shapes 
as shown in Figure 3.2 were also tested using the same conditions. 
2.4. Density and Degradation 
The density of the sintered samples was determined by the Archimedes immersion method in water (it 
is an indirect method, as can be seen in the protocol of Annex 4). To obtain a more reliable value, three 
replicas were made for each paste, and each one had its own 3 measurements. 
By Archimedes method when the porous ceramic sample is in contact with water, it enters inside the 
porous due to capillary forces. The water absorbed is determined by measuring the weight percentage 
of sample when the maximum water is absorbed. It is assumed that all water in the open pores remain 
there. However, it should be noticed that the Archimedes method is an indirect method and only the 
open porosity is determined, so the calculated densities do not reflect all the possible porosity of sam-
ples. 
For the degradation assays, the samples (a total of 40) were placed in individual vials, each one filled 
with 7 mL of simulated body fluid (SBF, the procedure of the SBF production can be seen in Annex 5). 
Then the vials were placed in the oven (Memmert) at 37°C and different samples were analysed after 1 
day, 1 week, 2 weeks and 4 weeks of immersion in SBF. The samples degradation was characterized by 
observing changes in their dimensions, porosity, optical microscopy images, change of phase and me-
chanical properties in respect to the initial condition. 
The degradation was also analysed by placing the samples during 73 hours in boiling water and water 
vapour (photography of experimental set-up can be seen in Annex 6), After that, the variations in sam-
ples dimensions and weight were verified, and the phase of zirconia was determined by XDR. 
2.5. Biological tests 
In the Departamento de Física and Departamento de Ciências da Vida of FCT UNL, were carried out 
cytotoxicity assays and cell adhesion/proliferation tests, the last one were performed only in the Depar-
tamento de Física. For both tests were printed 10 samples. See procedures used in Annex 7 and Annex 
8. 
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3. Results and Discussion 
The results here presented reflect the work performed during a period of 6 months and had the goal of 
producing ceramic materials through a 3D printing process and evaluate their mechanical properties and 
biocompatibility for possible biomedical applications. Therefore, the work has been conducted by sev-
eral tasks: preliminary studies; samples geometry; influence of sintering temperature; mechanical tests; 
degradability tests; pastes enhancement; pastes mixture and bioactivity tests. 
3.1. Preliminary tests 
The printing process of ceramics at CENIMAT/DCM was initiated previously to this work, so several 
preliminary studies had to be performed such as: the extrusion rate of the paste; the printing speed of 
the nozzle; the layer height and the nozzle size. These parameters are key factors that may affect the 
printing quality (precision of printing) but they also depend of each type of printer. As the printer used 
is adapted in house (homemade) the study of previous parameters was not included in this thesis, in-
cluding the tests to find the most suitable paste to print, since the parameters must be different for each 
specific printer. Two pastes were selected to produce the samples with different geometries: one of them 
is composed by a solvent containing a binder and the other without it, Figure 3.1. 
 
Figure 3.1 a) Paste without binder and b) Paste with binder, both used to print.  
The speed of extruders rotation (rate x/y), the printing head speed and layer height can affect the fill 
density. The appropriate pastes for printing should have some requirements, such as, the use of a small 
particle size, good dispersion of the particles and suitable rheological behaviour due to the high pressure 
in the nozzle that as to be very thin to augment the resolution of the printed samples.  
The following step was the study of different geometries to understand the performance of the 3D printer 
available for this study. The choice of the best geometry has into account the maximum resolution for 
each one, the object definition and reproducibility, and possible scale-up. 
3.2. Samples geometry 
Samples of different geometries were printed with pastes containing a binder or without it, previously 
selected, in order to understand how the binder influences the objects resolution, the mechanical perfor-
mances and the porosity after sintering. All the printer parameters were kept constant (i.e.: extrusion 
rate x/y). The samples preparation compasses two main steps: first the paste is printed forming an object 
that is very fragile, and then it follows a sintering step to obtained a solid, stable and rigid ceramic object. 
These were analysed in terms of porosity, volume constrain after sintering and mechanical properties. 
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   b) 
 
 
 
 
       
c) 
 
 
 
 
   d) 
 
 
 
 
Figure 3.2 Photograph of samples prepared to the mechanical tests and the respective geometries and sizes; a) 
Geometry A, b) Geometry B, c) Geometry C, and d) Geometry D.  
Four different shapes were tested as shown in photos above. The set of 5 samples, all of them with 
approximately 7 mm height, shown in Figure 3.2 were used in the mechanical tests to have enough 
samples for a minimum required statistic. The compression tests were done in the universal testing ma-
chine in CENIMAT. From the obtained data, which is the force and stroke, the stress–strain graphs were 
plotted as shown in Figure 3.3. The maximum compressive stress (𝜎𝑀𝑎𝑥) value and the Young's modulus 
(E) were calculated according the equations shown below. The mean values of the results for each set 
of 5 samples are displayed in Table 3.1.  
The stress and strain relation is given by, 
σ = ε E ⇒  E =
σ
ε
 
where E is the Young’s modulus, σ represents the stress and ε the strain. This way, de E is calculated 
through linear regression. 
The stress (σ) represents the pressure at any point in a body submitted to a load and is expressed as:  
σ =
F
A
 
where F is the force and A, the supporting area. The material will experience deformation under certain 
stress. [31] The strain (ε), can be expressed as:  
ε = ∫
dL
L
= ln
L1
L0
∆L
L
 
where L represents the original length and ∆L the increment of length.[31] 
From the stress–strain curve is then possible to determine the main mechanical properties of any mate-
rials by performing uniaxial compressive tests. [48] 
(3.1) 
(3.2) 
Geometry B Geometry A 
Geometry C Geometry D 
(3.3) 
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Figure 3.3 An example of a resulting graph of compression tests. This graph of the stress-strain corresponds to the 
sample C, printed with the without binder paste. Through linear regression (red line) withdraws the value of E (y=-
1.19011E8+6.180E9x), E=6.18 GPa. 
Table 3.1 Results of compressive stress and Young’s modulus for different geometries of samples printed with 
the without binder paste and paste with binder (see Annex 9). 
 
Sample A 
 
Sample B 
 
Sample C 
 
Sample D 
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 𝜎𝑀𝑎𝑥 [MPa] 62.677±18.255 39.172±24.028 156.297±45.034 126.670±72.453 
E [GPa] 2.554±0.881 1.346±0.496 6.630±0.843 4.537±3.154 
W
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er
 𝜎𝑀𝑎𝑥 [MPa] 32.166±32.106 49.280±12.373 57.614±32.247 88.250±29.419 
E [GPa] 1.566±1.326 2.270±0.475 3.878±1.934 3.767±0.368 
The results show a great influence of samples geometry and paste constitution in both 𝜎𝑀𝑎𝑥 and E. The 
hollow cylinder which seemed the most fragile one has the best performance in terms of compression 
resistance. This must be related with the printing process of this specific geometry. Normally, the sam-
ples are produced by additive process i.e., they are formed line over line and in the case of this cylinder 
the process is continuous, while for the others geometries the lines are crossed and this introduces pos-
sible fragilities in the structure. On the other hand, the binder adversely influences the mechanical prop-
erties, allowing the production of a paste with less components. 
3.3. Influence of sintering temperature  
To understand the role of the sintering step on the mechanical properties and also the porosity of samples 
these ones were sintered in the temperature range of 1100ºC to 1450ºC, using the same annealing ramp 
(advised by the powder manufacturer), only changing the T parameter. Table 3.2 shows the set of sam-
ples prepared for the sintering temperature study for both pastes.  
Due to its fragility, the dimensions of non-sintered samples were measured using the ImageJ software 
and the sintered samples were measured with a digital profilometer (POWERFIX® - Profi ₊ - ELEC-
TRONIC DIGITAL CALLIPER). 
Growth of yttria-stabilized zirconia with 3D printer 
14 
Table 3.2 Images of the sintered samples at different temperatures, a) 1100°C, b) 1200°C, c) 1300°C, d) 1400°C 
and e) 1450°C (Table A.4 of Annex 10). 
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The samples sizes after the respective sintering cycle are displayed in Table A.4 of Annex 10. The 
shrinkage variation as a function of temperature is shown in Figure 3.4 for the pastes studied. The mi-
croscopy images of the corresponding samples, Table 3.3, are also included on the top of figure.  
Table 3.3 Photographs obtained from an inverted optical microscope corresponding to the samples of pastes with 
and without binder produced with different sintering temperatures (Table A.5 and Table A.6 of Annex 10). 
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Figure 3.4 Shrinkage percentages as a function of sintering temperatures: a) Samples printed using pastes without 
binder; b) Samples printed using pastes with binder. 
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As shown in Figure 3.4, between 1100ºC and 1400ºC the sample’s shrinkage increases with increasing 
sintering temperature. The shrinkage rate depends on the existence of a binder in the paste, although it 
reaches a maximum of 38% at sintering temperature of 1400ºC for both pastes in one direction, the 
parallel to the printing line (in the samples diameter). A difference of about 16% between the shrinkage 
ratio of height and the diameter of the cylinder samples was observed. In fact, the shrinkage is higher 
along the diameter cause the contact area between grains is higher across the printed filament (higher 
aggregation of 3YSZ grains), while between filaments the contact interface is comparatively more re-
duced. The sample printing process is performed layer-by-layer, thus there is a greater surface area 
between the layers which prevents the aggregation and so, there is less shrinkage of the sample height, 
as illustrated in Figure 3.5. Another result from this study is the binder influence. The binder is expected 
to enhance the homogeneity of the paste and so during the annealing cycle it contributes to enhance the 
densification and the shrinkage increases even at lower sintering temperatures. 
 
 
  
 
 
Figure 3.5 From left to right - Schematics of shrinkage directions; a) and c) Schema and respective SEM image 
representative of the paste non-sintered; b) and d) Schema and SEM image representing the sintered sample with 
grains aggregation. The red lines represent the critical area for the aggregation of particles, corresponding to the 
surface between two successive printed layers. 
Comparing the SEM imagens of Figure 3.5 it is possible to confirm the sintering effect due to the 3YSZ 
nanograins aggregation. Typically, the 3YSZ nanograins form large spherical-like agglomerates in the 
range of a few micrometres to dozens of micrometress (micrograins). After sintering, both micrograins 
and nanograins aggregate, which gives strength to the printed sample. 
Generically, the sintering process of ceramics without any applied load, results in samples with a low 
level of densification and consequently, in a higher porosity, which is an advantage for the application 
of this work. Due to the small sample sizes and to the limiting access to other techniques, after sintering, 
the porosity was measured using the Archimedes method, an indirect method, because of the small 
sample sizes. The density of ceramic samples calculated by Archimedes method can be seen in Table 
3.4.  
  
a) 
b) 
c) 
d) 
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Table 3.4 Density and porosity as a function of sintering temperatures for samples printed using pastes with and 
without binder. 
 Sintering temperature [ºC] 𝜌 [g/cm3] Porosity [%] 
W
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t 
b
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er
 
1400 3.6411±0.1798 28.56±3.53 
1450 3.6318±0.0248 30.75±5.88 
W
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1400 3.4478±0.2074 37.45±5.35 
1450 3.3648±0.0740 42.49±0.83 
The density and porosity results of Table 3.4 show in general a higher porosity of samples printed with 
paste with binder and a corresponding lower density. This was expected cause during the sintering pro-
cess the binder carbonizes leaving behind an open space. In the future, this will permit to control the 
porosity of samples for a specific application. 
Nevertheless, the samples strength is proportional to the porosity, i.e., the higher the porosity, the lower 
the strength of the material. So, it is expected that porosity influences the linear shrinkage, porosity and 
pore size, and thus 𝜎.  
3.3.1. Comparison of compression tests 
The obtained compression results of the several samples are shown in Table 3.5, samples measured in 
two equipment; samples produced with and paste without binder ; samples sintered at different temper-
atures.  
Table 3.5 Comparison of results of several compression tests and samples replica. 
 Sintering temperature [ºC] σMax [MPa] E [GPa] 
Paste  
without 
binder 
 1300 (CENIMAT ) 6.977±1.423 0.480±0.182 
1300 (IPN ) 2.050±0.071 0.585±0.566 
1400 (CENIMAT ) 
156.297±45.034 6.630±0.843 
57.640±24.620 3.240±2.090 
29.300±4.580 1.070±0.430 
1400 (IPN ) 20.625±11.939 1.918±0.951 
1400 (IPN ) 1h speed 40 rpm 36.750±2.616 2.831±0.432 
1400 (IPN ) 4 weeks in SBF 27.900±2.404 2.580±0.058 
1450 (CENIMAT ) 54.570±33.080 4.300±1.490 
1450 (IPN ) 9.200±0.990 0.705±0.274 
Paste 
with 
binder 
1300 (CENIMAT ) 6.205±5.098 0.885±1.054 
 1400 (CENIMAT) 57.614±32.247 3.878±1.934 
Note: These tests were done on the SHIMADZU Autograph (in IPN) and Shimadzu AG-50kNG, Thermal and 
Mechanical Testing Laboratory-CENIMAT. 
The mechanical results were obtained by different machines (at CENIMAT and Instituto Pedro Nunes-
IPN, Coimbra) since it was observed a random range of values for samples produced with the same 
printing parameters and the same paste. Therefore, a possible problem with equipment was excluded. 
However, some problems in both equipment may remain, in particular the size of samples that are too 
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small for the equipment used. Some authors have concluded that the variation of some parameters such 
as strain rate, frequency and grip and slack adapter influence the measurements of the mechanical prop-
erties of human bone (tibia), leading to dispersion of values. [49]  
Other possible explanation for the random dispersion of values is that in this preliminary study the sam-
ples were produced with pastes mixed manually and due to agglomerates of nanopowder particularities 
the homogenization of these could not be achieved. 
Compression tests performed in CENIMAT were made with sets of 5 samples, whereas tests made at 
IPN were performed in series of 2 samples. 
As can be seen from Table 3.5, the compression values have a great dispersion among themselves. The 
case that the dispersion is most evident is in compression results of paste without binder sintered at 
1400°C, where for the same replicas values have an enormous dispersion values. This dispersion can 
have various causes, such as the way that the sample is printed and/or the way that the paste is mixed. 
The last mentioned cause, as shown in Section 3.7, causes a more homogeneous morphology of the 
sample, which results in a better dispersion and uniformity of the nanopowder grain size, enhancing a 
lower variance in reproducibility and in the compression values. 
To have enough statistics for the compression results would be needed to print at least 30 samples of 
each series, which was unpractical since this is an exploratory study and it was wanted to explore as 
many parameters as possible within the limited period of time to do the same. 
The SEM images of samples sintered at 1400ºC and 1450ºC are displayed in Table 3.6. Although it is 
obtained a lower density in the samples sintered at higher temperatures no remarkable difference can be 
detected from the surface morphology. The samples after sintering are formed by grains aggregation 
with a very large range of sizes. It is important to refer that after sintering some of the agglomerated 
large grains seem to collapse, meaning that they (or some of them) might be somehow hollow inside, 
which can be a characteristic of the 3YSZ nanopowders of INNOVNANO. 
The 3YSZ nanopowders of INNOVNANO have sintering temperatures from 1200°C [50], lower than 
for many ‘conventional’ powders, however, the mechanical properties are improved with the increasing 
of temperature up to 1400°C. [45,49–54] For lower sintering temperatures the samples are too fragile to 
be manipulated, maybe sintering has been incomplete at these temperatures (1100ºC, 1200ºC and 
1300ºC) for the sintering time used, or it is just not enough to promote grains aggregation. 
With the increase of the sintering temperature, the interconnection between the 3YSZ nanopowder 
grains is enhanced and consequently, the porosity is lower and the compression strength is enhanced, as 
can be seen from the results in Table 3.4 and Table 3.6 with exception the sintering temperature of 
1450ºC. 
The sintering temperature of 3YSZ influences the shrinkage, evidenced by the fact that the samples 
sintered at 1450°C have a higher dimension than the samples sintered at 1400°C. Further studies such 
as dilatometry should be performed to confirm the origin of these results. 
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Table 3.6 SEM images of samples printed using pastes containing binder or without sintered at 1400ºC and 
1450ºC. 
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Figure 3.6 ZrO2–Y2O3 equilibrium phase diagram. The blue dashed lines show the critical range of sintering 
temperatures (1400ºC and 1450ºC) of 3 mol % yttria-stabilized zirconia, relative to the shrinkage and porosity of 
sample with temperature. Adapted from [57].  
Through Raman spectroscopy, assays characteristic bands of the material can be identified, Figure 3.7. 
Samples printed from pastes without binder sintered at different temperatures (1400ºC and 1450ºC) 
were analysed and identified the different phases. The 1400ºC and 1450ºC 3 mol% Y2O3 present two 
phases: a cubic phase and a tetragonal phase (both cubic and tetragonal phases can be retained in the 
microstructure), as shown in the phase diagram in the Figure 3.6. [39,55,56]. The YSZ has five char-
acteristic bands at 145, 255, 315/328, 460/470, 607/610 and 640 cm−1 which are indicative of a tetrag-
onal phase. [37,57] Raman spectrum of cubic zirconia consists of a single broad peak at ∼617 cm−1. 
[39,56] 
  
Figure 3.7 a) Micro-Raman spectra of 3YSZ from reference [38]; b) Raman spectra of samples printed using 
pastes without binder sintered at 1400°C and 1450°C. 
According the phase diagram, as explained above, it was expected that by analysing Raman spectrum 
of samples sintered at 1400°C it would appear peaks of tetragonal and/or cubic phase. Nevertheless, in 
samples sintered at 1400°C most of the Raman peaks are related to the monoclinic phase, and only three 
belong to the tetragonal phase. One possible reason is the fact that samples analysed by Raman were 
a) 
b) 
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obtained by destroying/crushing the sintered samples and this can cause a phase change from tetragonal 
to monoclinic as reported by other authors.[60] 
The Raman spectrum of the sintered sample at 1450ºC, show mainly the tetragonal phase, but this sam-
ple powder used for performing Raman analysis has been sintered in the powder form, with no fracture 
of the material after the sintering. This may explain the differences on both spectra which must be ex-
plored in the future work. Otherwise, it reveals that to obtain tetragonal zirconia stabilized with yttria 
using the temperature ramp performed we may need to perform the annealing at 1450ºC instead at 
1400ºC. 
Another difference of samples sintered at 1400°C or sintering at 1450ºC is the volume expansion of the 
ones sintered at 1450ºC, which still is contrary to expected from the Raman spectra and so, it is not 
possible to reach any conclusion for this phenomenon. Future work is also needed identify the origin of 
this expansion. 
 
 
 
Figure 3.8 a) Literature XRD of 3 mol% YSZ powder in monoclinic phase and tetragonal phase [37]; b) Phase 
identification results zirconia sintered 1400ºC and 1450ºC by XRD patterns.  
Through the XRD spectrum (Figure 3.8) can be seen that the samples sintered at both temperatures have 
mostly peaks of the tetragonal phase. However, it should be noted that the samples for this analysis were 
not fractured, so there was no transformation of t→m phase due to fracture of the ceramic piece. 
3.4. Degradability  
The ZrO2 faces instability problems with water, the OH- groups diffuse from surface to interior through 
vacancies leading to an oxidation of zirconia and phase transformation from tetragonal to monoclinic 
being the mechanical strength reduced. [59] The introduction of Y works as a phase stabilizer in per-
centages below 10% mol, although in several reports this transformation still exists and can alter re-
markably the mechanical properties of the material. Therefore, and considering possible biomedical 
applications namely the implantable ones, such as dental, or bones replacement, the samples will be 
permanently in contact with body fluids. Thus, we performed a study where the samples have been 
immersed in SBF solution for 4 weeks and their mechanical properties have been analysed. The samples 
produce with pastes containing binder and without it were immersed in the SBF solution and kept at 
37ºC in a muffle. Several pieces (about 40 samples) were tested with frequent analysis of their degrada-
tion but no variation of size or density was observed up to 4 weeks. Determination of changes in degra-
dation of sample was characterized by size variation, density and compression strength and Young’s 
modulus (see conditions of degradability tests in Annex 11). 
a) b) 
Growth of yttria-stabilized zirconia with 3D printer 
21 
Table 3.7 Changes in dimensions for some samples (printed with paste without binder), during 4 weeks in SBF. 
 
Samples sintered before SBF Samples sintered after SBF 
Height (h) 
[mm] 
Diameter (d) 
[mm] 
Wall (w) 
[mm] 
Weight [g] 
Height 
(h) 
[mm] 
Diameter 
(d) 
[mm] 
Wall (w) 
[mm] 
Weight [g] 
1 6.93±0.01 6.71±0.01 0.87±0.01 0.335±0.005 6.90±0.01 6.70±0.01 0.87±0.01 0.335±0.005 
2 6.92±0.01 6.71±0.01 0.89±0.01 0.340±0.005 6.93±0.01 6.71±0.01 0.88±0.01 0.335±0.005 
3 6.81±0.01 6.55±0.01 0.92±0.01 0.335±0.005 6.79±0.01 6.52±0.01 0.92±0.01 0.330±0.005 
4 6.83±0.01 6.54±0.01 0.82±0.01 0.330±0.005 6.82±0.01 6.54±0.01 0.89±0.01 0.340±0.005 
5 6.90±0.01 6.60±0.01 0.91±0.01 0.345±0.005 6.85±0.01 6.59±0.01 0.92±0.01 0.340±0.005 
The Table 3.7 results show that there was no change in dimensions or weight of pieces before and after 
4 weeks immersed in SBF. 
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Figure 3.9 Comparison of Raman spectra of the samples that have been in SBF during 4 weeks and the sample 
without being immersed in SBF, and the corresponding SEM images of the analysed samples.  
Table 3.8 Density results and phase of zirconia of samples printed from pastes with and without binder, before and 
after 4 weeks in SBF. 
 
 Without binder With binder 
Without being in SBF 4 weeks in SBF 
Without being in 
SBF 
4 weeks in 
SBF 
𝜌 [g/cm3] 3.6411±0.1798 3.6651±0.0301 3.4478±0.2074 3.3833±0.049 
YSZ main phase tetragonal tetragonal NA tetragonal 
Note: see the graphics XRD for phase identification in the Figure A.27 in Annex 12. 
As can be seen in the previous table (Table 3.8), there is no variation in the density of samples that were 
1 month (4 weeks) in SBF comparatively with those that have not been immersed in SBF. Therefore, no 
mass loss is observed. The microscope imagens displayed in Table 3.9 did not reveal either surface 
morphology alteration. The Raman spectra of samples not immersed in SBF show a higher monoclinic 
phase than the others that were in SBF, Figure 3.9. This was not expected and the only possible reason 
is if the furnace has high gradient of temperature that some pieces are at higher/or lower temperature 
than the expected leading to an incomplete phase transformation during the sintering process. This is 
something to be identified in future work and could also explain the large variation in the values of 
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mechanical strength for the samples produced in the same conditions, as shown in previous sections 
(Section 3.3). 
The results obtained by XRD, Table 3.8, confirm the presence of the tetragonal phase in the samples, 
after SBF, what demonstrate that samples in contact with body fluids at 37 ºC have a low degradation 
or none.  
Table 3.9 Comparison of samples surface morphology for the different number of days in SBF. 
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From all values presented above, no significant changes in the samples before and after the SBF are 
observed. 
When comparing the values, it can be observed once more that the binder is not important in the manu-
facture of samples. Therefore, in further studies, the binder can be removed, becoming the process of 
fabrication even more economical than initially expected. 
Table 3.10 Comparison of the two compression results.  
 Not immersed in SBF Immersed 4 weeks in SBF 
𝜎𝑀𝑎𝑥 [MPa] 20.625±11.939 27.900±2.404 
E [GPa] 1.918±0.951 2.580±0.058 
Note: These tests were done on the SHIMADZU Autograph (in IPN). 
  
Figure 3.10 EDS spectrum, a) Samples not immersed in SBF 1.4; b) Samples immersed 4 weeks in SBF. 
Despite the enormous dispersion values of the mechanical tests, using the compression results (Table 
3.10) the 𝜎𝑀𝑎𝑥 and E have not decreased, meaning that no remarkable degradation of the sample after 
one month in SBF is observed. This conclusion is supported by the analysis of EDS spectrum (Figure 
3.10) where the appearance of new compound, for example salts, is absent. 
Once the samples are not degraded in SBF and since approximately 70% of human body is composed 
by water, a deeper study of degradability with water of printed samples of zirconia was performed. A 
sample was placed in boiling water (~100°C) for 73 hours and during this time there was another sample 
receiving only water vapour. In total, one of the samples remained in water during 196 hours at 25°C.  
a) 
 
b) 
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XRD analysis was performed to analyse the phases present before and after water test. The water is 
responsible for a transformation of zirconia from tetragonal to monoclinic phase, indicating that occurs 
degradation due to the presence of water molecules. [31] 
Studies have demonstrated that water radicals penetrate in zirconia lattice (Figure 3.11) and during an 
exposure to a humid atmosphere, diffusion of water radicals is facilitated by the presence of numerous 
vacancies. Most likely, the oxygen from the water is located on vacancy sites, and the hydrogen is placed 
on an adjacent interstitial site. Zirconia in the aging/degradation can be caused by the roughness and 
micro-cracking. Roughening happen due to the transformation at the surface and is associated with vol-
ume expansion. [29,38] 
In 1981, it was found that zirconia stabilized with yttria ceramic in the presence of humidity would has 
a slow transformation of the tetragonal to the monoclinic phase because of the presence of cracks. [59] 
And this way, the ZrO2, undergoes a 3.25% volume expansion on transformation which results in the 
catastrophic failure of pure ZrO2 bodies and a reduction in strength of the ceramic. [61] 
 
Figure 3.11 Schematic representation of ageing at the surface of zirconia. The water diffuses in the lattice and then 
propagates to the neighbours, which leads to the aging and consequently the roughening and micro-cracking at the 
surface. [31]  
The increase of internal stresses associated with the penetration of water species inside the lattice is 
likely to trigger the initiation of transformation t→m. The idea is that OH− ions diffuse into the zirconia 
lattice, filling oxygen vacancies, and reducing the stabilization of the tetragonal phase. [38,57]  
The pieces used in this study of degradation were measured and weighed (Table 3.11) before and after 
and XRD performed. 
Table 3.11 Samples being 73h in boiling water and water vapour.  
 Samples as produced Samples after test of water  
Height (h) 
[mm] 
Diameter (d) 
[mm] 
Wall (w) 
[mm] 
Weight [g] 
Height (h) 
[mm] 
Diameter (d) 
[mm] 
Wall (w) 
[mm] 
Weight [g] 
water 6.90±0.01 6.60±0.01 0.88±0.01 0.305±0.005 6.89±0.01 6.60±0.01 0.89±0.01 0.305±0.005 
water vapour 7.05±0.01 6.77±0.01 0.84±0.01 0.310±0.005 7.05±0.01 6.76±0.01 0.84±0.01 0.305±0.005 
Growth of yttria-stabilized zirconia with 3D printer 
24 
 
Figure 3.12 XRD patterns of printed samples sintered and samples sintered but being immersed in water or water 
vapour . 
From XRD patterns all samples are on the tetragonal phase, Figure 3.12. [36,60] The samples were in 
boiling water and soaking up with water vapour at high temperatures that causes the pores of the sample 
become more exposed (more open porosity), which facilitates the penetration of water radicals in sam-
ples of 3YSZ printed. Thus, as the samples were 196 hours in water, of which 73 hours in boiling water, 
it was expected the occurrence of a transformation, of the tetragonal phase to the monoclinic phase. The 
XRD spectrum show no degradation due to water, at least there is no phase transformation, however 
further work is necessary to conduct compression tests to see if there was no degradation of mechanical 
strength. This study was performed after being observed no degradation in samples immersed in SBF at 
body temperature, so it was important to verify if the pieces also resist to more extreme water conditions. 
However, to have a fully confirmation of the YSZ samples stability further studies should also include 
longer periods in water and compression tests. 
3.5. Pastes enhancement 
From the previous results, we choose the paste that led to the production of samples with the best me-
chanical properties. To the selected 3YSZ paste without binder, AgNPs and GO were added to find how 
it influences the biological tests and the mechanical properties. The GO solutions and AgNPs were 
synthetized by other colleagues working in the research group and therefore their synthesis was not 
included in this work. The addition of GO had the purpose to enhance the mechanical strength to com-
pression as reported in literature [64,66] while AgNPs had the purpose to enhance the antiseptic and 
antimicrobial activity. [65]  
3.5.1. Graphene oxide (GO)  
To the solution of 3YSZ paste was added different concentrations of GO solution (0.035, 0.1, 0.05 and 
0.5 mg/mL) and the objective was to reinforce the ceramic. [64,65] Graphene has characteristics as, high 
mechanical strength, and it is applied to many different kinds of tissue engineering, including but not 
limited to bone, cartilage, and nerve. [6] The GO concentrations tested were low because the literature 
refers the improvement of the mechanical properties with such low concentrations and these also guar-
antee no colour modification of pastes and therefore of sintered samples. [6] As the GO introduction did 
not influence the viscosity of pastes only the higher percentage was used for printing samples. These 
were sintered at the same conditions and the microscopy images are shown in Table 3.12. 
Growth of yttria-stabilized zirconia with 3D printer 
25 
Table 3.12 Comparison of 3YSZ +0.5 GO paste non-sintered and sintered (analysis with inverted optical micro-
scope), see Annex 13. 
3YSZ+0.5 GO non-sintered 3YSZ + 0.5 GO sintered 
 
 
  
3.5.2. Silver nanoparticles (AgNPs)  
AgNPs were added to 3YSZ paste and then used for printing the samples. The photograph of non-sin-
tered paste and its observation through the microscope are shown in the images of Table 3.13. Compared 
with other nanomaterials, silver nanoparticles have an excellent antibacterial action and low cytotoxicity 
to human cells in low concentrations, therefore were introduced in order to understand if their use en-
hances the biocompatibility. [67] 
Table 3.13 Comparison of 3YSZ+AgNPs paste non-sintered and sintered (analysis with inverted optical micro-
scope), see Annex 14. 
3YSZ+Ag NPs non-sintered 3YSZ+ Ag NPs sintered 
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3.6. Samples comparison   
Table 3.14 Comparison of densities of samples printed with the 3YSZ paste without binder; 3YSZ+0.5 GO; and 
3YSZ+AgNPs.  
Paste without binder 𝝆 [g/cm3] 
3YSZ 3.6411±0,1798  
3YSZ+0.5 GO 3.6719±0.0401 
3YSZ+AgNPs 3.6591±0.0430 
Through the Archimedes method it can be concluded that the density values observed in Table 3.14 are 
approximately equal in all samples printed with three different pastes. 
 
Figure 3.13 SEM images of sintered samples printed with the different pastes a) and d) 3YSZ, b) and e) 3YSZ+ 
0.5 GO sintered, c) and f) 3YSZ+ AgNPs. 
From the results obtained in the inverted optical microscope and through the images obtained by SEM 
(Figure 3.13), all the samples seem to have the same morphology. Therefore, we performed the Raman 
and EDS tests and the results of these were used to find out if the elements (GO and AgNPs) are still in 
the paste after sintering or contain only 3YSZ. 
  
Growth of yttria-stabilized zirconia with 3D printer 
27 
 
 
 
 
 
Figure 3.14 a) Raman spectra of samples printed with the paste 3YSZ, paste 3YSZ+0.5GO and the paste 
3YSZ+AgNPs; EDS spectrum of b) Samples printed with paste 3YSZ , c) Samples printed with the paste 
3YSZ+0.5 GO, d) Samples printed with paste 3YSZ+AgNPs. The traces of Au and Pd comes from the coating for 
SEM analysis (see Annex 15). 
As seen by Raman and EDS spectra (Figure 3.14), after sintering there is no vestiges of silver or any 
change in the composition caused by the GO (for example, the presence of carbon), since all three sam-
ples have the same four characteristic peaks of 3YSZ (255, 328, 470 and 640 cm−1) in the Raman spectra. 
[38] By EDS results can be seen that the elemental composition is approximately equal in the three 
samples. Therefore, it means that the concentration of both elements can be so low that the measurement 
equipment cannot identify them, or they may have disappeared during sintering. In future the percent-
ages of these elements should be increased so that the printed samples benefit from the advantage of the 
GO and AgNPs. 
3.7. Pastes mixture 
All the previous studies were made with the pastes being mixed manually, in a goblet. The influence of 
the way that the paste is mixed was tested by using an artisanal adaptation of a controlled motor rotation, 
Figure 3.15. Although it is not the best scientific way to do the mixtures, it was the fast one to test this 
parameter without buying expensive equipment. Then the samples performed with pastes mixed manu-
ally and made with two mixing velocities were compared in terms of performances.  
a) 
b) 
c) 
d) 
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Figure 3.15 Left image - the set-up used for mixing the pastes; right images – photographs of pastes obtained at 
different speeds and times a) 1h at 10rpm, b) 1h at 40rpm, c) 1h and 30min at 10rpm, d) 1h and 30min at 40rpm. 
Table 3.15 Comparison of samples obtained with pastes mixed: manually, 1h at 10rpm and 1h at 40rpm. 
Manually 1h at10rpm 1h at 40rpm 
   
   
From the SEM images (Table 3.15) it is evidenced that by performing the mixing of the paste with the 
set-up developed for the purpose, the agglomerates of 3YSZ nanopowders decrease in size and have a 
higher aggregation during sintering. With the increase of speed can be observed an improvement of 
particles de-agglomeration and a final enhancing of surfaces homogeneity. This enhanced the aggrega-
tion it’s confirmed by mechanical tests, because mechanical properties were improved and more than 
that the standard deviation decreased remarkably, as can see in Table 3.16. 
Table 3.16 Comparison of compression results of printed hallow pieces produced with pastes mixed differently. 
  Manually 1h at 40rpm 
𝝈𝑴𝒂𝒙 [MPa] 20.625±11.939 36.75±2.616 
E [GPa] 1.918±0.951 2.831±0.432 
Note: These tests were done on the SHIMADZU Autograph (in IPN). 
As expected the samples mixed at a constant velocity (40rpm) for 1 hour have better compressive 
strength values and a lower variance in the measurements results. So, further detailed study with repro-
ducible equipment for mixing the pastes and different type of mixture processes should be considered. 
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Note that when mixing manually, even when by the same person, the conditions of mixing are very 
different from day to day, with no possible control. And it is reflected, for example, in the dispersion 
values of the mechanical results, which are much higher in the paste mixed manually. 
3.8. Biomedical applications 
Among others possible applications for those materials being studied in the last sections, the mechanical 
properties achieved make them suitable for biomedical applications. Table 3.17 compares the best re-
sults obtained within literature values for the human bones.  
As discussed in Section 3.2, due to the values obtained in 𝜎𝑀𝑎𝑥 and E the geometry that stood out was 
the hollow cylinder of the paste without binder (showing the best values). 
Table 3.17 Comparison of mechanical proprieties of hollow cylinder samples vs human bone. [6,29,30] 
 𝝈𝑴𝒂𝒙 [MPa] E [GPa] 
Cylinder hollow of 3YSZ  
(maximum value obtained) 
156.297±45.034 6.630±0.843 
Cancellous bone 4-12 0.01-0.5 
Cortical bone 130-225 3-30 
Bones perform several vital functions within the body, for example primarily structural support and 
protection of bodily organs. [68] This way, the mechanical stability must be structurally sound so as to 
withstand daily activity and normal body movements. [4] As can be seen from Table 3.17 the values of 
the mechanical properties are within the range values of human bone, in other words, these pieces can 
probably withstand the forces that will be imposed daily. 
Being the best mechanical properties obtained in hollow cylinder of the paste without binder their use 
as cortical bone could be a possibility if they pass durability and biological tests. Cancellous bone can 
be also produced with this technique as their mechanical properties are less demanding and the required 
porosity of these bones is achieved by an adequate change of 3D printing parameters. 
Table 3.18 Porosities of the bone and printed 3YSZ hallow cylinder pieces. [6,65] 
 Porosity [%] 
Bone type 
Cancellous bone 50–90 
Cortical bone 3–12 
Cylinder hollow 
of 3YSZ 
Sintered at 1400°C 28.56±3.53 
Sintered at 1450°C 30.75±5.88 
As seen, the result of porosity of the samples sintering to 1400ºC is good (28.56±3.53%) and lies closer 
to the porosity of cortical bone to that of cancellous bone, as the values of compression tests, Table 3.18. 
This way the samples generated by 3D printing in this study can be used for bone tissue engineering. 
These pieces can also be used as scaffolds, i.e., the patient-derived cells can be seeded onto the samples 
and due to its good porosity the proliferation of the cells is enhanced (study of proliferation later). Sam-
ples serve as 3D templates for initial cell attachment and subsequent tissue formation. 
As referred in the introduction, in humans, 80% of the bone is cortical and its main function is mechan-
ical stability. [30] This way the 3D pieces printed with paste with can create 80% of bone implants. 
The degradation rate is an important parameter in this study. The rate of materials degradation is usually 
matched with the rate of tissue regeneration to ensure that the scaffold can still provide the necessary 
support for cells to the completely regeneration of the tissue. For applications in prosthesis, the material 
must not degrade. [6] In Section 3.4 it was proved that the printed pieces do not degrade confirming that 
the printed pieces can be used as implants/prostheses bones. 
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3.8.1. Biological tests/Biocompatibility tests 
For adhesion and cell proliferation tests, the samples were printed in the same way as the cylinders but 
with a coin shape (filled in spiral) to facilitate the proliferation of cells that remain on top of the samples, 
as can be seen in the Figure A.30, Annex 16. In all tests, human cells were used. 
3.8.1.1. Cytotoxicity  
Cytotoxicity tests were performed in two different labs. The first one was held at the Departamento de 
Física and the second one at the Departamento de Ciências da Vida of FCT UNL. 
An indirect method was used, where the samples have been in contact with a culture medium that is 
subsequently transferred to the wells containing cells. The resazurin is often used as an indicator of cell 
viability because it is reduced to resofurin only by the cells metabolically active. The cell viability can 
be evaluated by the ratio between the resazurin converted to resorufin, comparing the absorptions of 
these compounds present in wells where have been the samples and cell control wells. The relative 
viability is used in cell adhesion studies. 
 
Figure 3.16 Absorption values for the different dilutions of 
samples printed with paste without binder and the cells control. 
Table 3.19 Cell viability for different dilutions 
of samples tested (Figure A.31, Annex 16). 
Dilutions Cell viability [%] 
1 106.88±2.44 
2 106.67±2.34 
3 106.88±2.02 
4 105.95±1.98 
5 103.75±4.15 
 
 
Figure 3.17 a) Cells in the medium with the concentration of 0.5 g/mL (well 1D), b) Cells in medium with the 
concentration of 0.03125g/mL (well 5C), c) Negative control cells (CC-), living cells, d) Positive control cells 
(CC+), dead cells. 
Through the graphs and the previous table (Figure 3.16 and Table 3.19) it can be concluded that the 
printed samples are non-toxic, the cell viability is higher than 100% in all studied cases. This means that 
in just few hours the cells immediately begin to proliferate.  
The cytotoxicity and cell adhesion of the same samples were also analysed but, this time, with a direct 
method. 
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Figure 3.18 Sample in medium with cells. 
In this method, the sample is in direct contact with the cells medium (see Figure 3.18). Cells viability in 
this test is even better than the obtained in the previous method, it reached 116±5.5%. These results are 
in accordance with the ones obtained by the indirect method, confirming the non-toxicity of the samples, 
which also may promote the cells growth. 
3.8.1.2. Adhesion and cell proliferation  
 
Figure 3.19 Absorption values for different days of printed 
samples; 1 day represent adhesion and rest of days are prolifer-
ation. 
Table 3.20 Cell viability of samples for differ-
ent days . 
Days Cell viability [%] 
1 day (adhesion) 55.43±10.11 
CC 1 day (adhesion) 100±1.00 
4 day (proliferation) 78.39±9.64 
CC 4 day (proliferation) 156.72 ±20.33 
7 day (proliferation) 119.72±11,14 
CC 7 day (proliferation) 175.84±41.85 
9 day (proliferation) 100.60±10.41 
CC 9 day (proliferation) 201.21±59.66 
Note: CC represent cells control. 
As can be observed in Figure 3.19 and Table 3.20 on the first day the cells adhered to the pieces/samples, 
with 54% of cells in relation to cells that were initially placed in the surface of the samples. 
By analysing the three measurements of absorption in different days, it was observed that there was cell 
proliferation on the surface of the samples, with a big growth until the 7th day, existing on the 9th day a 
decrease in cell viability. 
In the future, it will be needed to perform more proliferation assays and for more days in order to get a 
higher precision of the results and to understand why the cells viability decreases after the 7th day of 
culture or if it was an exceptional case. If this decline continues for the 9th day it will be necessary to 
investigate its cause and if it can be related with the samples constitution. 
 
Figure 3.20 a) 3YSZ of literature [53]; b) Sintered 3D printed piece. 
The good cells proliferation can be due to a high surface roughness, as can be seen in the images of 
Figure 3.20 comparing the surface morphology of YSZ sintered pieces with one from literature, where 
a more compact structure is observed.  
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4. Conclusions and Future perspectives 
4.1. Conclusions 
This study was important to initiate a new field of research inside the Energy Materials group and also 
at DCM/CENIMAT in 3D printing of ceramic pieces. In this thesis, in particular, was studied the 3D 
printing of pastes made of 3% yttria-stabilized zirconia nanopowders supplied by INNOVNANO, a 
Portuguese company devoted to the production of ceramic nanopowders by an innovative patented 
method. 
From the different challenges embraced at the beginning of this research work, all have been success-
fully achieved.  
In a preliminary study, were obtained the favourable conditions of the printer and the appropriate pastes 
to be printed. Two pastes have been selected to further studies, one with binder and another without it. 
With the selected pastes were studied the influence of pieces’ geometry on the mechanical properties, 
and from this study we concluded that the hollow cylinder had the best mechanical strength and Young 
modulus, because it is literally printed layer upon layer. From there, the following studies were con-
ducted only with the hollow cylinders. 
Then, various sintering temperatures were studied and we concluded that the better compressive strength 
results were obtained with the sintering temperature of 1400ºC. So, the sintering temperature is im-
portant to optimize the mechanical properties of the final pieces and to obtain tetragonal zirconia the 
temperature used should be 1400-1450ºC. The linear shrinkage, porosity and pore size, and thus σ are 
influenced by the sintering temperature, so, it is possible to adjust sintering temperature also to control 
porosity. Comparing the paste with binder with paste without binder, the presence of binder does not 
morphologically change the sample and improvements do not happen in mechanical properties, this way 
the pastes without binder are most suitable ones. 
One of the problems reported in the literature for ZrO2 is its instability in water, if there is oxidation of 
zirconia there is a transformation from tetragonal to monoclinic phase and there is a loss of mechanical 
strength. Since the objective of these samples is for biomedical applications, they were subjected to 
human body simulated conditions, i.e., pieces were immersed in SBF solution for 1 month at body tem-
perature (37-38ºC) what did not change the tetragonal phase of the samples. This was confirmed by 
Raman and XRD measurements in different set of samples.  
As no degradation was observed in samples in SBF solution, some studies where carried out with pieces 
immersed in boiling water and in water vapour during 73 hours. No remarkable alteration was detected 
by Raman, volume variation or samples morphology. These results can demonstrate a reduction in me-
chanical strength, however in this test the samples were exposed to extreme conditions, conditions which 
the human body will never be exposed. 
Even in the results of the different sintering temperatures, was demonstrated that when higher the shrink-
age, the better are the mechanical properties and lower the porosity is. Lower porosity also becomes 
favourable, since it means that there is less possibility of degradation of the sample with water because 
there will be fewer places where water can penetrate. 
The addition of AgNPs and GO have shown none or a minor influence on the overall properties of 
samples, not even vestiges of C from GO or Ag from AgNPs were detected by EDS, and Raman reveal 
no alteration on the predominant tetragonal phase of YSZ after sintering. Therefore, in the percentages 
of GO and AgNPs used, these were inconsequent for the properties of the printed ceramic pieces. 
The mechanical tests of samples performed have shown a high dispersion of values, although it is known 
that ceramic pieces always present a wide dispersion of values due to incontrollable defects and its 
propagation, therefore large number of pieces (at least 30) is recommended to have accurate measure-
ments. In this case, due to time constrains and due to exploratory character of the study, only 5 pieces 
were measured. However, we have obtained pieces with very high mechanical properties considering 
that the material has about 30% porosity (28.56±3.53%). Besides that, we also identify ways to reduce 
this dispersion of values such as mechanical mixing of the nanopowders. 
It was created an assembly to optimize the mixing of the paste (the manufacture of the paste) where 
were tested two speeds and two times and through morphologic analysis and compression was possible 
to conclude that the 3YSZ agglomerates decrease in size, leading to a better resistance in compression. 
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Overall, in this study was demonstrated the possibility to produce YSZ ceramic pieces by using the 3D 
printing. The better mechanical strength obtained of 156.297±45.034MPa and Young modulus values 
of 6.630±0.843GPa enable their use for bone implants, adding the fact that pieces may have bone ge-
ometry, adapted to each patient. The produced samples reveal also to be biocompatible with human cells 
(SAOS cells) and its proliferation was demonstrated as well. 
The overall results are encouraging to reproduce real bones by 3D printing YSZ of identical geometry.  
Through cytotoxicity assays was demonstrated that samples are not toxic to the human cells and these 
are able to adhere and to proliferate on the surface of the sample 3YSZ manufactured by 3D printing, 
because of the high surface roughness. 
4.2. Future perspectives 
Although the objectives of this thesis have been successfully concluded it opened also several research 
topics for further work. Indeed, new student from Universidade Egas Moniz, Flávia Neto, will continue 
the biological assays with the 3YSZ printed ceramic pieces. For that, 28 samples were printed, 18 sam-
ples for tests on alkaline phosphatase activity 7 days, 14 days and 28 days (x2), to perform the evaluation 
of the osteoblast response to the material surface 7 days 14 days 28 days (x2) and histology, SEM and 
TEM 7 days, 14 days and 28d (x2) and 10 of 28 samples were printed for implantation in rabbits. This 
will allow defining the implantation viability of the printed samples. 
From the performed study, it is clear that more tests are needed to overcome some problems. The scala-
bility of the process must be proved. For this work very small pieces were printed due to economy of 
time and materials, but it is necessary to print larger samples and evaluate their feasibility namely con-
cerning the porosity versus mechanical properties. With larger sample would be possible to measure the 
porosity of the samples by a direct method, such as helium pycnometer, thus being able to accurately 
measure the porosity. 
The way the pastes are mixed have shown to be important for the final mechanical properties of samples, 
so a deeper study on this must be performed and again correlate it with the mechanical properties as 
well as with porosity. 
During this work the sintering was performed in the same conditions for all samples. A detailed study 
on the influence of sintering cycle (temperature versus time) should be explored to adequate that to the 
geometry of samples produced and this way save energy and time in the sintering step. Furthermore, 
avoiding the influence of any temperature gradient inside the furnace is of extreme importance to have 
reproducibility of results. Thus, a temperature mapping inside furnace should be performed prior to any 
further study. Besides that, to have mechanical results more accurate and reproducible large number of 
replicas should be produced, at least 30. 
The deterioration of YSZ samples with water should be further studied, after having a process com-
pletely reproducible and ensuring that the same samples are analysed before and after aging with water. 
This will avoid possible differences of samples in same production run, or between different runs. In 
this case, these results will not confirm the stability observed in the obtained preliminary results so new 
additives should be included in the pastes. Further studies with AgNPs and GO with higher concentra-
tion can be tried or even different Y concentrations in ZrO2 powders, besides other possibilities. 
Tetragonal zirconia is known to be bioinert and thereby fibrous layer may form around the implant and 
induce aseptic loosening. If this condition is also found in the pieces produced, inorganic coatings on 
the material surface can overcome the instability and promote direct attachment to bone tissue. Calcium 
phosphate (CP) based materials, such as hydroxyapatite (HA) and tricalcium phosphate (TCP) are con-
sidered to be bioactive and thus stimulate bone regeneration [44]. 
Another possible field of application for the materials developed is orthodontics. Statistics show that 
100% of adults have dental caries while dental disease is cumulative with age, leading to loss of teeth. 
The mandible and maxilla of the edentulous naturally atrophy with time, becoming much thinner and 
more susceptible to fracture. [6] So, teeth printing is one of the future objectives, because it has been 
proven that the material is not toxic, does not degrade and the cells can proliferate in it. 
As a final remark it is important to notice that although a preliminary study has been developed within 
this thesis, it has enormous possibilities of reaching a successful real application in the near future.  
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Annex 
Annex 1 
 
Figure A.1 3D printing in nature, seashells. [5] 
Annex 2 
  
Figure A.2 Example of design created in 123D Design software. 
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Annex 3 
 
Figure.A.3 Parameters of the Cura software. 
Annex 4 
The Archimedes method is used to determine the bulk density of sintered samples. Procedure of method 
of Archimedes (based on protocol INNOVNANO - Code: PMT-Lab-10; Edition: 1st; Date: /2012). 
Protocol of method of Archimedes (based on a protocol provided by INNOVNANO) 
1. Place the samples in boiling water at 110±1°C for 3 hours (put a condenser for water not evaporate). 
   
Figure A.4 Assembly used for the samples in boiling water for 3 h at 110±1°C 
2. Prepare the experimental device to evaluate the mass of the sample when immersed, as shown in 
below image. 
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Figure A.5 Experimental device for measure the mass of the immersed sample. 
3. Remove the excess water droplets in the sample and place it in the basket sample holder. 
3.1. When removing the sample from the basket, avoid removing water from the container, so that 
the disruption of the water level is negligible. 
3.2. Tare the balance of analytical precision after removing the sample. 
4. Prepare the water absorption device, wetting it, to evaluate the wet mass of samples. 
4.1. The excess water in the sample should be removed so that droplets are not on their surfaces. 
What should be done in the wet area of the absorption device. 
4.2.  Weigh relatively quickly to prevent evaporation of the water within the pores of the sample. 
 
Figure A.6 Water absorption device. 
5. Dry the samples at a temperature above 110°C for 30 minutes, or put in oven at 37°C for 12 hours 
in order to remove the pore water. 
6. Weigh the dry samples. 
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Figure A.7 Assembly for measure the mass of the dry sample. 
7. Calculation of apparent density: 
𝜌𝑎 = 
𝑚𝑑
𝑚𝑤 −𝑚𝑖
 𝜌𝑙𝑖 
, where 𝜌𝑎 is the apparent density of the sample,  𝑚𝑑   the mass of the dry sample, 𝑚𝑤 mass of the wet 
sample, 𝑚𝑖 the mass of the immersed sample and 𝜌𝑙𝑖 the density of the immersion liquid (water) tem-
perature at which the measurements were made. 
Calculation of apparent porosity:  
AP =  
mw −md
mw −mi
100 
, where AP is the apparent porosity of the sample,  𝑚𝑑   the mass of the sample dry, 𝑚𝑤 mass of the wet 
sample and 𝑚𝑖 the mass of the immersed sample. 
Annex 5 
SBF procedure  
Table A.1 Preparation of 1L of tris-HCl-buffered SBF with [HCO3
−] = 27mol: 
Order Reagent Quantity [gpl] Ion SBF [nM] 
1 – S15 NaCl 6.547 Cl-; Na+ 142 
2 – S16 NaHCO3 2.268 Na+; HCO3
−
 125 
3 – P10 KCl 0.373 K+; Cl- 27 
4 – S22 Na2HPO4.2H2O 0.178 Na+; HPO4
2− 5 
5 – M02 MgCl2.6H2O 0.305 Mg2+; Cl- 1.5 
6 1M HCl 15 ml H+; Cl- 2.5 
7 – C08 CaCl2.2H2O 0.368 Ca2+; Cl- 1 
8 – S21 Na2SO4 0.071 Na+; SO4
2− 0.5 
9 – T03 (CH2OH)3CNH2 6.057 - - 
10 1M HCl Tritate to PH 7.4 at 37°C - - 
(A.1) 
(A.2) 
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Experimental procedure: 
1) The reagents are added one by one, after complete dissolution in 700mL of distilled water. 
2) In total we used 40 mL of HCl. 
3) After addition of 9° reagent (Tris), solution was heated from room temperature to 37°C. 
4) Water was added to make 1L of solution. 
5) SBF have got valid for 1 month at 5°C. 
Annex 6 
For the degradation test, the sample was placed in boiling water during 73 hours and a condenser was 
used for water not evaporate. 
 
Figure A.8 Assembly to study the degradation of 3YSZ with water. 
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Annex 7 
Cytotoxicity procedure 
Resazurin is a non-fluorescent blue dye that is reduced to resorufin by cells. The resorufin is a rose 
fluorescent compound and through the change of color can be determined by measuring the change in 
absorbance. This variation is proportional to the number of viable cells present, see Figure A.9. The 
graph shows the absorbance spectra of resazurin (absorbance peak occurs at 601 nm) and resorufin (has 
the maximum absorbance at 571 nm), Figure.A.10. 
 
Figure A.9 Scheme for multiwell plate (96 
well) compatible with fluorescent plate read-
ers. Adapted from [69]. 
 
Figure.A.10 Absorbance spectra for resazurin and resorufin. 
Adapted from [70]. 
The cells are initially adhered to the bottom of a vial where they were saved. To be able to use these 
cells in culture must be freed from the vial background, so that trypsin was added in the vial. 
For performing the cell count, a sample of the suspension was added to a hemacytometer to estimate the 
cell density. 
In multiwell plate (96 well plate) that was previously prepared are SAOS cells with 6k cells per well. 
The density in each row is half the density on the preceding line. Each well of a 96 well plate has a 
diameter of 6 mm corresponding to an area of 0.283 cm2 (≅ 0.3 cm2). 
1st - Was used one sample to produce the extract (the others are for adhesion/proliferation tests). 
Weigh and record the mass (m) of the sample using: m1.4= 0.9306g 
2nd - The sample are sterilized in 70% ethanol. 15 min more 3 washes with distilled water 
3th - Production of extracts. 
Adjust the volume of medium to be 0.5 g/mL. 
Place the medium without serum and serum is added only at the end (should be at a concentration of 
10% fetal bovine serum) will put each set of sample at the following volume (v) of serum free medium:  
𝑣 = (𝑚 𝑔⁄ ) ×
(900 𝜇𝐿⁄ )
0,5
 ⇒ 𝑣1.4 = 1675.01𝜇𝐿 
In an identified falcon, put the respective sample and volume. 
Once the solution is placed in the wells, the cells were placed in an incubator at 37°C for 24 hours, 
Figure A.11. 
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After 24 hours of contact of the cells with the conditioned medium, a resazurin solution (PrestoBlue®) 
with medium was performed. Next, after aspiring the wells, it was added 100 µL solution to each well. 
It is very important to be pipetted exactly 100 µL to each well, the uncertainty of the results will be 
greater the higher the dispersion of pipetted volume. The plate was again placed in the incubator at 37°C 
for 3 hours to metabolize resazurin. The plates are incubated at 37°C to allow cells to convert resazurin 
to resorufin. After the incubation, the absorbance (also called optical density) of the medium at 570 nm 
and 600 nm was read in a microplate reader. (BioTek ELx800). 
Table A.2 Dilutions used in study of cytotoxicity. 
Dilutions Concentrations 
1 0.500000 g/mL 
2 0.250000 g/mL 
3 0.125000 g/mL 
4 0.062500 g/mL 
5 0.031250 g/mL 
6 0.015625 g/mL 
Note: We made several dilutions in case the samples are toxic to realize from that concentration stopped being. 
 
 1 2 3 4 5 6 7 8 9 10 11 12 
A 3YSZ 3YSZ 3YSZ 3YSZ 3YSZ       CM 
B 3YSZ 3YSZ 3YSZ 3YSZ 3YSZ       CM 
C 3YSZ 3YSZ 3YSZ 3YSZ 3YSZ       CM 
D 3YSZ 3YSZ 3YSZ 3YSZ 3YSZ       CM 
E 3YSZ 3YSZ 3YSZ 3YSZ 3YSZ      CC+ CM 
F           CC- CC+ 
G           CC- CC+ 
H          CC- CC- CC+ 
Figure A.11 Representative scheme of 96 well plate used, 3YSZ is the medium with waste samples printed using 
the paste without binder, CM is control medium, CC+ is positive control cells (dead cells) and CC- is negative 
control cells (living cells). 
Annex 8 
Cell adhesion/proliferation 
The procedure is similar to that performed when the study of the cytotoxicity. 
In this assay, we used 6 replicas to the adhesion/proliferation test and two samples in the medium control 
(CM).  
After placing the samples in the wells and before placing the medium and cells on these it is necessary 
to sterilize the sample. For that, the samples were washed with ethanol (500μL per well), which re-
mained at rest for 15 minutes, following up two washes with distilled water and ending with a washing 
with phosphate-buffered saline (PBS), always with the 500μL volume per well. 
For the multiwell plate (48 well plate) were prepared a culture with SAOS cells with 30k cells per well. 
Each well of a 48 well plate has a diameter of 9 mm corresponding to an area of 0.64 cm2. 
Are needed a total of 500k cells, after performing the count were to 540k cells, thus the volume posed 
is: 
𝑣 =
500kcells × 1mL
540kcells
+ 11575µLmedium ⇒ v = 925µL + 11575µLmedium 
The cell medium was distributed by wells with the samples and by wells with the cell control (CC). In 
the next day, the samples are changed for other wells, as shown in Figure A.12 to be possible to count 
the cells that were adhered to in the deep end where the sample is selected and to know the approximate 
number of cells that were adhered to the sample, since each well have approximately 30K cells. And in 
this way, it is calculated cell adhesion. 
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 1 2 3 4 5 6 7 8 
A 3YSZ 3YSZ  3YSZ  3YSZ  3YSZ  3YSZ  CC CC 
B       1.4CM 1.4CM 
C       CC CM 
D         
E       CC CM 
F         
Figure A.12 Representative scheme of 48 well plate used, 3YSZ is where the samples printed using the paste 
without binder, CC is control cells and CM is control medium. The arrows represent the well where moved the 
samples to be able to count the cells adhering to the sample. 
The plates were incubated at 37°C to allow cells to convert resazurin to resorufin. After the incubation, 
150μL of solution were removed from each well and placed in a 96-well plate for absorbance reading 
(also called optical density) of the medium at 570 nm and 600 nm in microplate reader. (BioTek 
ELx800). 
After the reading of the absorbances is necessary to vacuum and wash the wells of 48-well plate with 
PBS and then place 500μL of the new medium. One day, four, seven and nine days later the absorbance 
is measured again by repeating the above procedure below to be able to calculate the cell proliferation. 
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Annex 9 
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Figure A.13 Graphs of compression tests of samples printed with the paste without binder and geometry C, a) 
Sample 1, b) Sample 2, c) Sample 3, d) Sample 4 and e) Sample 5. 
Through the stress-strain graphs we can obtain the values of σMax and E and calculate the mean value, 
as can be seen in Table A.3. 
a) b) 
c) d) 
e) 
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Table A.3 Results of samples printed using pastes without binder, series of sample geometry C. 
 
 σMax [MPa] E [GPa] 
1 163.340; 8.079; 
2 128.586; 6.180; 
3 144.686; 6.641; 
3 114.823; 6.251; 
4 230.051 6.000 
Mean 156.297±45.034 6.630±0.843 
Annex 10 
Table A.4 Results of size of samples made using pastes with and without binder at different temperatures. 
 Sintering temperature [°C] Height [mm] Diameter [mm] 
W
it
h
o
u
t 
b
in
d
er
 
Non-sintered  8.83 10.65 
1100 8.10±0.01 8.42±0.01 
1200 7.32±0.01 7.43±0.01 
1300 7.17±0.01 6.68±0.01 
1400 6.86±0.01 6.60±0.01 
1450 6.96±0.01 6.83±0.01 
W
it
h
 b
in
d
er
 
Non-sintered 9.68 11.25 
1100 8.03±0.01 7.69±0.01 
1200 7.91±0.01 7.67±0.01 
1300 7.30±0.01 6.92±0.01 
1400 7.15±0.01 6.85±0.01 
1450 7.22±0.01 6.97±0.01 
Note: The measurements of samples of the non-sintered paste are performed trough ImageJ software. 
Table A.5 Samples printed with the paste without binder sintered different temperatures. 
Non-sintered 
 
NA 
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Sintered at 
1100°C 
  
Sintered at 
1200°C 
  
Sintered at 
1300°C 
  
Sintered at 
1400°C 
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Sintered at 
1450°C 
  
Table A.6 Samples printed using the paste with binder sintered at different temperatures. 
Non-sintered 
 
NA 
Sintered at 
1100°C 
  
Sintered at 
1200°C 
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Sintered at 
1300°C 
 
 
Sintered at 
1400°C 
  
Sintered at 
1450°C 
  
Annex 11 
Conditions of degradability tests 
 Printing a total of 40 samples:  
 Without being in SBF, 
 1 day in SBF, 
 1 week in SBF, 
 2 weeks in SBF, 
 4 weeks in SBF (1 month). 
 Oven at 37°C (body tempera-
ture). 
 Renew the SBF every week 
(7ml of SBF in each vial).  
Figure A.14 5 series of cylindrical samples. 
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Figure A.15 a) Oven ate 37 °C and b) Samples in the vials with 7mL of SBF. 
 Measuring, weighing and see samples under the microscope before and after the tests. 
 Realize the compression tests after the samples come out of the oven. 
• Paste without binder Without being in SBF 
Table A.7 Results of samples printed using pastes not containing binder without being in SBF. 
 
Samples sintered before SBF Samples sintered after SBF 
Height 
(h) 
[mm] 
Diameter (d) 
[mm] 
Wall (w) 
[mm] 
Weight [g] 
Height 
(h) 
[mm] 
Diameter 
(d) 
[mm] 
Wall (w) 
[mm] 
Weight [g] 
1 6.15±0.01 7.87±0.01 8.10±0.01 - 6.15±0.01 7.87±0.01 8.10±0.01 - 
2 6.64±0.01 7.55±0.01 7.61±0.01 - 6.64±0.01 7.55±0.01 7.61±0.01 - 
3 5.08±0.01 7.64±0.01 7.76±0.01 - 5.08±0.01 7.64±0.01 7.76±0.01 - 
4 6.39±0.01 7.69±0.01 7.87±0.01 - 6.39±0.01 7.69±0.01 7.87±0.01 - 
5 7.11±0.01 6.85±0.01 6.92±0.01 - 7.11±0.01 6.85±0.01 6.92±0.01 - 
 
  
Figure A.16 Samples without being in SBF. 
  
a) b) 
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Table A.8 Samples printed from paste without binder not immersed in SBF. 
B
o
tt
o
m
 v
ie
w
 
  
S
id
e 
v
ie
w
 
  
• Paste without binder  - 1 day in SBF 
Table A.9 Results of samples printed from pastes without binder, 1 day in SBF. 
 
Samples sintered before SBF Samples sintered after SBF 
Height 
(h) 
[mm] 
Diameter (d) 
[mm] 
Wall (w) 
[mm] 
Weight [g] 
Height 
(h) 
[mm] 
Diameter 
(d) 
[mm] 
Wall (w) 
[mm] 
Weight [g] 
1 6.78±0.01 6.75±0.01 0.95±0.01 0.325±0.005 6.78±0.01 6.75±0.01 0.96±0.01 0.330±0.005 
2 6.81±0.01 6.67±0.01 0.93±0.01 0.325±0.005 6.82±0.01 6.75±0.01 0.93±0.01 0.330±0.005 
3 6.85±0.01 6.36±0.01 0.93±0.01 0.325±0.005 6.82±0.01 6.38±0.01 0.94±0.01 0.330±0.005 
4 7.07±0.01 6.62±0.01 0.91±0.01 0.320±0.005 7.09±0.01 6.63±0.01 0.91±0.01 0.320±0.005 
5 6.80±0.01 6.82±0.01 0.94±0.01 0.325±0.005 6.82±0.01 6.84±0.01 0.93±0.01 0.325±0.005 
No weight loss after SFB. 
b) d) 
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Figure A.17 a) and b) Samples before the SBF, c) and d) Samples after 1 day in SBF. 
Table A.10 Samples printed from pastes without binder, 1 day in SBF. 
B
o
tt
o
m
 v
ie
w
 
  
S
id
e 
v
ie
w
 
  
 
• Paste without binder - 1 week in SBF 
Table A.11 Results of samples printed from pastes without binder, 1 week in SBF. 
 
Samples sintered before SBF Samples sintered after SBF 
Height 
(h) 
[mm] 
Diameter (d) 
[mm] 
Wall (w) 
[mm] 
Weight [g] 
Height 
(h) 
[mm] 
Diameter 
(d) 
[mm] 
Wall (w) 
[mm] 
Weight [g] 
1 6.81±0.01 6.52±0.01 0.92±0.01 0.330±0.005 6.81±0.01 6.52±0.01 0.90±0.01 0.335±0.005 
2 6.82±0.01 6.60±0.01 0.92±0.01 0.335±0.005 6.80±0.011 6.60±0.01 0.91±0.01 0.335±0.005 
3 6.74±0.01 6.67±0.01 0.93±0.01 0.330±0.005 6.93±0.01 6.89±0.01 0.94±0.01 0.325±0.005 
4 6.73±0.01 6.62±0.01 0.95±0.01 0.335±0.005 6.73±0.01 6.63±0.01 0.94±0.01 0.335±0.005 
5 6.80±0.01 6.63±0.01 0.87±0.01 0.335±0.005 6.79±0.01 6.63±0.01 0.87±0.01 0.330±0.005 
No weight loss after SFB. 
a) c) 
b) d) 
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Figure A.18 a) and b) Samples before the SBF, c) and d) Samples after 1 week in SBF. 
Table A.12 Samples printed from pastes without binder, 1 week in SBF. 
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• Paste without binder  - 2 weeks in SBF 
Table A.13 Results of samples printed from pastes without binder, 2 weeks in SBF. 
 
Samples sintered before SBF Samples sintered after SBF 
Height 
(h) 
[mm] 
Diameter 
(d) 
[mm] 
Wall (w) 
[mm] 
Weight [g] 
Height 
(h) 
[mm] 
Diameter 
(d) 
[mm] 
Wall (w) 
[mm] 
Weight [g] 
1 6.73±0.01 6.68±0.01 0.96±0.01 0.335±0.005 6.81±0.01 6.52±0.01 0.90±0.01 0.335±0.005 
2 6.81±0.01 6.59±0.01 0.92±0.01 0.340±0.005 6.81±0.01 6.60±0.01 0.91±0.01 0.335±0.005 
3 6.83±0.01 6.76±0.01 0.91±0.01 0.335±0.005 6.93±0.01 6.89±0.01 0.94±0.01 0.325±0.005 
4 6.88±0.01 6.54±0.01 0.88±0.01 0.325±0.005 6.73±0.01 6.63±0.01 0.94±0.01 0.335±0.005 
5 6.79±0.01 6.62±0.01 0.92±0.01 0.340±0.005 6.79±0.01 6.63±0.01 0.87±0.01 0.330±0.005 
No weight loss after SFB. 
a) 
b) 
c) 
d) 
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Figure A.19 a) and b) Samples before the SBF, c) and d) Samples after 2 weeks in SBF. 
Table A.14 Samples printed from pastes without binder, 2 weeks in SBF. 
B
o
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• Paste without binder - 4 weeks in SBF 
Table A.15 Results of samples printed from pastes without binder, 4 weeks in SBF. 
 
Samples sintered before SBF Samples sintered after SBF 
Height 
(h) 
[mm] 
Diameter (d) 
[mm] 
Wall (w) 
[mm] 
Weight [g] 
Height 
(h) 
[mm] 
Diameter 
(d) 
[mm] 
Wall (w) 
[mm] 
Weight [g] 
1 6.93±0.01 6.71±0.01 0.87±0.01 0.335±0.005 6.90±0.01 6.70±0.01 0.87±0.01 0.335±0.005 
2 6.92±0.01 6.71±0.01 0.89±0.01 0.340±0.005 6.93±0.01 6.71±0.01 0.88±0.01 0.335±0.005 
3 6.81±0.01 6.55±0.01 0.92±0.01 0.335±0.005 6.79±0.01 6.52±0.01 0.92±0.01 0.330±0.005 
4 6.83±0.01 6.54±0.01 0.82±0.01 0.330±0.005 6.82±0.01 6.54±0.01 0.89±0.01 0.340±0.005 
5 6.90±0.01 6.60±0.01 0.91±0.01 0.345±0.005 6.85±0.01 6.59±0.01 0.92±0.01 0.340±0.005 
No weight loss after SFB. 
c) 
d) b) 
a) 
Growth of yttria-stabilized zirconia with 3D printer 
57 
  
  
  
Figure A.20 a) and b) Samples before the SBF, c) and d) Samples after 4 weeks in SBF. 
Table A.16 Samples printed from pastes without binder, 4 weeks in SBF. 
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• Paste with binder - Without being in SBF 
Table A.17 Results of samples printed from pastes with binder, without being in SBF. 
 
Samples sintered before SBF Samples sintered after SBF 
Height 
(h) 
[mm] 
Diameter (d) 
[mm] 
Wall (w) 
[mm] 
Weight [g] 
Height 
(h) 
[mm] 
Diameter 
(d) 
[mm] 
Wall (w) 
[mm] 
Weight [g] 
1 5.57±0.01 5.86±0.01 0.80±0.01 - 5.57±0.01 5.86±0.01 0.80±0.01 - 
2 5.57±0.01 6.39±0.01 1.00±0.01 - 5.57±0.01 6.39±0.01 1.00±0.01 - 
3 5.58±0.01 7.28±0.01 0.95±0.01 - 5.58±0.01 7.28±0.01 0.95±0.01 - 
4 5.66±0.01 6.22±0.01 0.83±0.01 - 5.66±0.01 6.22±0.01 0.83±0.01 - 
5 6.07±0.01 6.64±0.01 0.85±0.01 - 6.07±0.01 6.64±0.01 0.85±0.01 - 
d) 
c) a) 
b) 
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Figure A.21 Samples after the SBF. 
Table A.18 Samples printed from pastes with binder, without being in SBF. 
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• Paste with binder - 1 day in SBF 
Table A.19 Results of samples printed from pastes with binder, 1 day in SBF. 
 
Samples sintered before SBF Samples sintered after SBF 
Height 
(h) 
[mm] 
Diameter (d) 
[mm] 
Wall (w) 
[mm] 
Weight [g] 
Height 
(h) 
[mm] 
Diameter 
(d) 
[mm] 
Wall (w) 
[mm] 
Weight [g] 
1 7.18±0.01 6.79±0.01 0.95±0.01 0.350±0.005 7.15±0.01 6.95±0.01 0.95±0.01 0.350±0.005 
2 7.18±0.01 6.95±0.01 0.97±0.01 0.350±0.005 7.17±0.01 6.95±0.01 0.97±0.01 0.350±0.005 
3 7.05±0.01 6.80±0.01 0.95±0.01 0.350±0.005 7.07±0.01 6.80±0.01 0.95±0.01 0.350±0.005 
4 7.15±0.01 6.91±0.01 0.98±0.01 0.350±0.005 7.15±0.01 6.94±0.01 0.98±0.01 0.350±0.005 
5 7.03±0.01 7.02±0.01 0.95±0.01 0.335±0.005 7.01±0.01 7.02±0.01 0.95±0.01 0.335±0.005 
No weight loss after SFB. 
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Figure A.22 a) and b) Samples before the SBF, c) and d) Samples after 1 day in SBF. 
Table A.20 Samples printed from pastes with binder, 1 day in SBF. 
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• Paste with binder - 1 week in SBF 
Table A.21 Results of samples printed from pastes with binder, 1 week in SBF. 
 
Samples sintered before SBF Samples sintered after SBF 
Height 
(h) 
[mm] 
Diameter (d) 
[mm] 
Wall (w) 
[mm] 
Weight [g] 
Height 
(h) 
[mm] 
Diameter 
(d) 
[mm] 
Wall (w) 
[mm] 
Weight [g] 
1 7.16±0.01 6.89±0.01 0.98±0.01 0.345±0.005 7.16±0.01 6.89±0.01 0.97±0.01 0.345±0.005 
2 7.16±0.01 6.78±0.01 0.98±0.01 0.350±0.005 7.16±0.01 6.86±0.01 0.98±0.01 0.350±0.005 
3 6.96±0.01 6.89±0.01 0.92±0.01 0.340±0.005 6.92±0.01 6.75±0.01 0.92±0.01 0.340±0.005 
4 6.96±0.01 6.90±0.01 0.99±0.01 0.355±0.005 6.96±0.01 6.93±0.01 0.96±0.01 0.350±0.005 
5 7.07±0.01 6.97±0.01 0.94±0.01 0.350±0.005 7.06±0.01 6.97±0.01 0.94±0.01 0.345±0.005 
No weight loss after SFB. 
a) 
b) 
c) 
d) 
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Figure A.23 a) and b) Samples before the SBF, c) and d) Samples after 1 weeks in SBF. 
Table A.22 Samples printed from pastes with binder, 1 week in SBF. 
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• Paste with binder  - 2 weeks in SBF 
Table A.23 Results of samples printed from pastes with binder, 2 weeks in SBF. 
 
Samples sintered before SBF Samples sintered after SBF 
Height 
(h) 
[mm] 
Diameter 
(d) 
[mm] 
Wall (w) 
[mm] 
Weight [g] 
Height 
(h) 
[mm] 
Diameter 
(d) 
[mm] 
Wall (w) 
[mm] 
Weight [g] 
1 7.16±0.01 6.89±0.01 0.98±0.01 0.345±0.005 7.16±0.01 6.89±0.01 0.97±0.01 0.345±0.005 
2 7.16±0.01 6.78±0.01 0.98±0.01 0.350±0.005 7.16±0.01 6.86±0.01 0.98±0.01 0.350±0.005 
3 6.96±0.01 6.89±0.01 0.92±0.01 0.340±0.005 6.92±0.01 6.75±0.01 0.92±0.01 0.340±0.005 
4 6.96±0.01 6.90±0.01 0.99±0.01 0.355±0.005 6.96±0.01 6.93±0.01 0.96±0.01 0.350±0.005 
5 7.07±0.01 6.97±0.01 0.94±0.01 0.350±0.005 7.06±0.01 6.97±0.01 0.94±0.01 0.345±0.005 
No weight loss after SFB. 
a) 
b) 
c) 
d) 
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Figure A.24 a) and b) Samples before the SBF, c) and d) Samples after 2weeks in SBF. 
Table A.24 Samples printed from pastes with binder, 2 weeks in SBF. 
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• Paste with binder - 4 weeks in SBF 
Table A.25 Results of samples printed from pastes with binder, 4 weeks in SBF. 
 
Samples sintered before SBF Samples sintered after SBF 
Height 
(h) 
[mm] 
Diameter 
(d) 
[mm] 
Wall (w) 
[mm] 
Weight [g] 
Height 
(h) 
[mm] 
Diameter 
(d) 
[mm] 
Wall (w) 
[mm] 
Weight [g] 
1 6.83±0.01 6.31±0.01 0.93±0.01 0.335±0.005 6.83±0.01 6.38±0.01 0.94±0.01 0.330±0.005 
2 7.03±0.01 7.06±0.01 0.96±0.01 0.325±0.005 6.99±0.01 7.05±0.01 0.96±0.01 0.330±0.005 
3 6.79±0.01 6.46±0.01 0.94±0.01 0.325±0.005 6.78±0.01 6.48±0.01 0.93±0.01 0.330±0.005 
4 6.88±0.01 6.27±0.01 0.92±0.01 0.335±0.005 6.86±0.01 6.26±0.01 0.92±0.01 0.340±0.005 
5 7.09±0.01 6.92±0.01 0.94±0.01 0.365±0.005 7.10±0.01 6.92±0.01 0.93±0.01 0.370±0.005 
No weight loss after SFB. 
a) 
b) 
c) 
d) 
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Figure A.25 a) and b) Samples before the SBF, c) and d) Samples after 4 weeks in SBF. 
Table A.26 Samples printed from pastes with binder, 4 weeks in SBF. 
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a) 
b) 
c) 
d) 
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Annex 12 
  
Figure A.26 SEM images, a) Powder of samples printed from pastes without binder and b) Powder of samples 
printed from pastes without binder, 4 weeks in SBF. 
 
 Figure A.27 XDR patterns of samples printed from pastes without binder. [62][37] 
Annex 13 
  
Figure A.28 Samples printed from paste 3YSZ+0.035GO. 
  
Figure A.29 Samples printed from paste 3YSZ+0.1GO. 
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Table A.27 Images of solutions and pastes. 
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Table A.28 Paste 3YSZ+ GO non-sintered. 
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Annex 14 
Table A.29 Paste 3YSZ+AgNPs non-sintered.  
 
  
Annex 15 
Samples printed with the paste without binder by EDS analysis: 
Table A.30 EDS results of samples printed with the paste without binder sintered. 
Element App Intensity Weight% Weight% Atomic% 
 Conc. Corrn.  Sigma  
O K 15.32 0.3800 27.17 0.81 69.24 
Y K 7.64 0.8976 5.74 1.00 2.63 
Zr L 81.85 0.9294 59.35 0.99 26.52 
Au M 10.78 0.9378 7.75 0.66 1.60 
Totals   100.00   
Samples printed with the paste 3YSZ+0.5GO by EDS analysis: 
 Table A.31 EDS results of samples printed with the paste 3YSZ+0.5GO sintered. 
Element App Intensity Weight% Weight% Atomic% 
 Con. Corrn.  Sigma  
O K 12.01 0.3693 23.46 1.85 65.05 
Y K 9.59 0.9130 7.58 2.74 3.78 
Zr L 77.76 0.9372 59.86 2.48 29.12 
Au M 11.68 0.9259 9.10 1.52 2.05 
Totals   100.00   
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Samples printed with the paste 3YSZ+AgNPs by EDS analysis: 
Table A.32 EDS results of samples printed with the paste 3YSZ+AgNPs sintered. 
Element App Intensity Weight% Weight% Atomic% 
 Con Corrn.  Sigma  
O K 12.55 0.3746 24.37 1.08 66.29 
Y K 10.34 0.9099 8.27 1.49 4.05 
Zr L 74.08 0.9348 57.68 1.36 27.52 
Au M 12.18 0.9164 9.68 0.89 2.14 
Totals   100.00   
 
Annex 16 
   
Figure A.30 Example of samples for cytotoxicity assays and adhesion/cell proliferation assays (after sintered, 
samples printed with the paste without binder). 
 
Figure A.31 96 wells box used in carrying out the cytotoxicity test. 
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